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, , H : ; , > . J > ^ . JOHN CpUGin,IN ROCKETT ; III , fhlpv ,.n;4eclare • and 

1. Since 1995 I have been engaged full-time in 
frioleciilai: toxicology research, with' ^h' 'enphasis on the' - ^ • 
applifcation of expression' prof ilirig 'techhiq^iesy including but 
ribt limited to nucleic 'acid microafray exjjressioh profiling 
^'techniques, to studies of the mechanisms of toxicant action 

and to the design of assays to monitor toxicant e^osure. 

*• ■' ■ • ' . ' - * ' . . ' ^ ' • 

' 2. My curricuJ Lun vitaei including nty list of ' 

p\iblications,' is attached hereto as Exhibit A. 

-3. .For , the past 5 years, my work has .focused 
primarily on analyzing.. the. effects of potentially hazardous 
environmental agents, . such as heat, water disinfectant 
byproducts, and conazole fungicides on the male reproductive 
tract. Although we are interested in the, basic mechanisms of 
action of such toxicants, we also have two practical goals in 
mind: first, to identify individual agents and families of 
agents that adversely affect male reproductive development and 
function, and second, to develop methods for monitoring human 
exposure to such agents, particularly methods capable of 
identifying toxicant exposure at an early stage, 

4. I have relied on expression profiling as a 
principal approach to these goals. Expression profiling, by 



reportijig^ t^^^^ levels of thousands of genes^ 

gives us an opportunity to identify and group 
toxicants based on similarities in the patterns of gene 
eaqjression they> inducie in^ cells and"^ tissues; the g^fe^ 
expression prof lies ^ induced by treatment with known testicular 
toxins -serve as standards, molecular signatures' or molecular 
fingerprints as it were/ ' against which the-patterns of gene 
expression induced by agents^^of /unknown toxicity may 'be"-" 
compared and judged, in addition, gene expression-px^ofiiing- 
may give us the opportunity to detect toxicity before more 
gross phenotypic changes become manifest. 



5. In keeping ^with this research eiiphasis, I have 
iintil recently: . ,. >, 

served on the Microarray Technical 
Subcommittee of the United States Envirdnmentai' ' 
Protection Agency (EPA) Genomics Task Force > and 

served on the Scientif ic vCommittee- f or . 
the conference series on "Critical Assessment of 
Techniques for Microarray Data Analysis," held ' " ' 

annually, at Duke .University, Durham, NC;^ . 'm 

and I currently 



serve on the Technical Committee on the' 
Application. of Genomics to Mechanism-Based Risk 
Assessment of the International Life Sciences 
Institute's Health and iEnvironmental Sciences 
Institute, 

serve on the Genomics and Proteomics 
Committee of the National Health and Environmental 
Effects Research Laboratory of the EPA's Office of 
Research and Development, 

belong to the [North Carolina Research] 
Triangle Array Users Group, 



" belong to the Molecular " Biology v^n ■ . ? 
, . Speciality Section of the Society of Toxicology, 
and 

belong- to the Triangle Consortiiam for 
Reproductive Bioiogy I - . < . ^ - 

^ I, ^:,t:he . principal ^'i^^ a', cooperative 

research' and development . agreement fCRADA^ -entitled 
"Development: of a Genetic. Test for Male.yFactor inf eftilitv • 
Prior to this, I was a co-principal investigator on- a 
material^ cooperative' research, aiid deyeiopment agreement 
(MCRADA)> to print -oligonucleo tide-based microarrays; and from 
1999 - 2002, I was qoinve^tigator on a CRADA^tp develop gene 
microarrays for toxicology applications . • ' ■ ' 

6." I presume. the reader's familiarity with the 
basic construction and operation of microarrays.' For purposes 
of the discussion tp follow, I use the phrase "nucleic acid 
microarray" and, equivalently, the term "microarray" to refer 
generically to . the various types, of ^nucleic acid microarray 
that include immobilized nucleic acid probes of sufficient 
length to permit specific binding, with minimal cross- 
hybridization, to the probe's cognate transcript, whether the 
transcript is in the form of RNA or DNA. Although this 
definition excludes microarrays having shorter probes, such as 
the 20-mer probes of arrays manufactured by Affymetrix, Inc., 
many of the comments that follow nonetheless apply to such 
microarrays as well. 

7. Although nty own work with microarrays dates 
back only to 1998, and high density spotted nucleic acid 
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microarrays themselves date back perhaps only to 1995,* 
microarrays are by no means the only, nor . the first 

expressibn profiling' ' too~l-. As i describe ~in ''detail :in my 
XenoZ?ioticf review^^^^^ are a riumber of other "differential 

express ion ^ariaiy si s^ technologies that precede the development 
of microarrays. so^^^ and that have been'' applied to 

drug metabolism and toxicology research, including: 
(1) differential screening; (2) subtractive hybridization, 
including variants . .such as chemical-. cross-linking :, subtraction, 
suppression^PCR .subtractive : hybridization and representational 
difference analysis; (-3). differential display;. (4) ^restriction 
endonuclease .facilitated analyses , including .serial .ranalysia , 
of gene expression (SAGE) and gene expression fingerprinting; 
and (5) EST analysis. 



8. In own .-earlier research, I used both 
reverse- transcriptase polymerase chain reaction ..(RT-PCR) and 
suppression-PCR .subtractive hybridization (SSH) to study ,,. 
patterns of differential gene expression caused by hepatic 
challenge with nongenotoxic and genotoxic hepatotoxins 



Schena et al.. "Quantitative monitoring of gene expression patterns 
with a con^jlementary UNA microarray. • Science 270:467-470 (1995), attached 
hereto as Exhibit -B. 

Rockett et aJw, -Differential gene expression in drug metabolism and 
toxicology: practicalities, problems and potential," Xenobiotica 29:655-691 
(1999) (hereinafter, 'Xenobiotica review"), attached hereto as Exhibit C. 

See. e.g., Rockett et al., "Molecular profiling of non-genotoxic 
carcinogenesis using differential display reverse transcription polymerase 
chain reaction (ddRT-PCR) . • European J. Drug Metabolism & Pharmacokinetics 
22(4):329-33 (1997), and Rockett et al.. "Use of a suppression-PCR 
subtractive hybridization method to identify gene species which demonstrate 
altered expression in male rat and guinea pig livers following 3-day 
exposure to t4-chloro-6- (2.3-xylidino) -2-pyrimidinylthiol acetic acid. • 
Toxicology 144 (1-3) :13-29 (2000). attached hereto respectively as Exhibits 
D and E. 



1. . ' ' 



:?^v . . These older transcript expression! profiling 
tpchnigues provide , analogous expression -data, but ^with 
lower throughput. 



...T- , u<10 . It <has been well-established, at: least since 

the introduction of high density .spotted microarrays ^in 1995, 

j,;--that:, . - j I.. 1 ;.:■(.. -> ••,;■!•...-■-,- ./.• .jn m( !.!<.' f h.<. .'1 -...'.'t 

(i) each probe on the microarray, with 
' careful ■ design and sufficient length? aii^ with' 
sufficiently stringent hybridization and wash re- 
conditions, binds specifically and with minimal 

• . • cross-hybridization, to the probe's co^ate' " 
transcript; 



(ii) each additional prpbe makes an 
additional transcript newly detectable' by the * 
microarray,. increasing the detection range, and 
thus versatility, of this analytical device for 
gene e^q^ression profiling;^ 

(iii) it is not necessary that the 
biological function be known in order for the gene, 



.The convening ,logic of this proposition has likely motivated the 
remarkably rapid progress from the earliest high density spotted arrays in 
1995 (Schena et aJ., "Quantitative monitoring of gene* expression patterns 
with a conplementary DNA microarray," Science 270:467-470 (1995), attached 
hereto as Exhibit B) , to the first whole genome arrays in 1997 (Lashkari et 
ai., "Yeast microarrays for genome wide parallel genetic and gene 
expression analysis, ■ Proc. Natl. Acad. Sci. USA 94 (24) :13057-62 (1997) and 
DeRisi et aJ., "Exploring the metabolic and genetic control of gene 
expression on a genomic scale," Science 278 (5338) : 680-6 (1997), attached 
hereto as Exhibits F and G, respectively) , to the concurrent announcement 
hy two companies earlier this month of their respective commercial 
introductions of single chip human whole genome arrays (Pollack, "Human 
Genome Placed on Chip; Biotech Rivals Put it Up for Sale," The New York 
Times. Thursday, October 2, 2003 (Business Day), attached hereto as 
Exhibit H; "Agilent Technologies ships whole human genome on single 
microarray to gene expression customers for evaluation, " Press Release, 
Agilent Technologies, October 2, 2003, attached hereto as Exhibit I; 
"Affymetrix Announces Commercial Launch of Single Array for Human Genome 
Expression Analysis; More Than 1 Million Probes Analyze Expression Levels 
of Nearly 50,000 RNA Transcripts and Variants on a Single Array the Size of 
a Thumbnail," Press Release, Affymetrix, October 2, 2003, attached hereto 
as Exhibit J) . 
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or a fragment of the gene, to prove useful as a 
probe on a microarray to be used for expression 
analysis; 

(iv) failure of a probe to detect changes 
in expression of its cognate gene does not diminish 
the usefulness of the probe on the microarray; and 

(iv) failure of a probe to detect a 
particular transcript in any single experiment does 
not deprive the probe of usefulness to the 
community of users who would use this research 
tool • 

These principles also apply to transcript expression profiling 
techniques that antedate the development of high density 
spotted microarrays, and accordingly were well-\inder stood 
prior to 1995. 

11. Moreover, expression profiling is not limited 
to the measurement of mRNA transcript levels. It is widely 
understood among molecular and cellular biologists that 
protein expression levels provide complementary profiles for 
any given cell and cellular state. Although I cannot claim 
credit for having coined the phrase, I have written that the 
difference between transcript expression profiling and protein 
expression profiling is that " transcriptomics indicates what 
should happen, and proteomics shows what is happening. 

12. For decades, such protein expression profiles 
have been generated using two dimensional polyacrylamide gel 



Rockett, "Macroresults through Microarrays, " Drug Discovery Today 
7:804 - 805 (2002) (emphasis added), attached hereto as Exhibit K. 



electrophoresis |2D- PAGE) , and used, a&)ng 'oMer' tl^ngs?' to 
study drug effects.' 

13 . Al thouigh.,. tjije 'protein expression profiles 
produced by 2D-PAGE analysis are analogous to the transcript 
e^^ression profiles provided by nucleic acid mi croarrays , an 
even closer .analogy r is perhaps .offered jby »antibody-.. . .. ... 

microarrays; as .1 note in my Drug Discovery Today commentary, 
such antibody microarrays date back to the work of Roger Ekins 
in the mid- to late-i980s/^ -^^ tv .rj rur. ir. 

- i ' 1^ • ' The- principles , in paragraph, ap,.also : apply ,1^0 , j 
protein expression profiling analyses, .particularly. tpjr ^ 
analyses performed using antibody, microarrays. ... Thus,: as. with 
nucleic acid microarrays, the greater . the number of proteins 
detectable, the greater the power of the technique; the 
absence or failure of a protein to change in expression levels 
does not diminish the usefulness of the method; and prior 
knowledge of the biological function of the protein is not 
required. As applied to protein expression profiling, these 
principles have been well understood since at least as early 
as the 1980s. 

15. Both gene and protein expression profiling are 
particularly useful to the toxicologist , especially in the 
pharmaceutical industry. Accordingly, I made the following 



' See, e.g., Anderson et al., "A two-dimensional gel database of rat 

liver proteins useful in gene regulation and drug effects studies, ■ 
Electrophoresis 12:907 - 930 (1991), attached hereto as Exhibit L. 

' See Ekins et al., J. Bioluminescence Chemi luminescence 5:59-78 

(1989); Ekins et al., Clin. Chem. 37: 1955-1965 (1991); and Ekins, U.S. 
Patent Nos, 5,432,099, 5,807,755, and 5,837,551, attached hereto 
respectively as Exhibits M to Q. 



statCTients iri^ my Xenbbiotica review of 

'.xr.v..-";.<v ^f,®^^ .9^ ghemiqfl- induced ^. 

toxicity, it is now becoming increasingly 'obvious 

'•'^P that most- adverse reactions to drugs aiid chemicals- - i 

-r., . the result of .multiple,,gene regulation, some, of . 
which are causal and some of which are casiiaiiy- 

j [ related to the t'oxicological phehbmenon -per-se ; ■ v ■ 

an upsurge. in interest 
in gene-profiling technologies which cliff efenti^te 
'between ' the control and -toxin- treated gene pools ^ in 
target tissues and is, therefore of value in 
rationalizing the molecular mechanisins of ' 

^ ^-xenobidtic- induced toxicity, i i 

V. Knowledge of toxin-dependent, gene 
regulation in target tissues is not solely an 
academic pursuit as much interest has been 
generated in the pharmaceutical industry to harness 
this technology in ^the early identification, of 
toxic .drug candidates, thereby shortening the 
developmental process- and contributing 
sxibstantially to the safety assessment of new 
drugs . ' — 

' For example; if the gene profile in' 
response to say a testicular toxin' that has been 
well-characterized in vivo could be determined in 
the testis, then this profile would be 
' representative of all new drug candidates which act 
via this specific molecular mechanism of toxicity, 
thereby providing a useful and coherent approach to 
the early detection of such toxicants. 

Whereas it would be informative to know 
the identity and functionality of all genes up/down 
regulated by such toxicants, this would appear a 
longer term goal, as the majority of human genes 
have not yet been sequenced, far less their 
functionality determined. However, the current use 
of gene profiling yields a pattern of gene changes 
for a xenobiotic of unknown toxicity which may be 
matched to that of well-characterized toxins, thus 
alerting the toxicologist to possible in vivo 
similarities between the unknown and the 
standard. . . . 



* * ^ * i 

' ' ■. L.,- '■^•r ;'•„■■-...>. ■ .'1 ...til, •-:r:- i.!-', ■-. .j;-,' T,-,-. 

H Despite the development of multiple 

technological, advances which have recently brought 
the field of gene expression' profiling to the ' 
forefront of molecular analysis, recognition of the 
iitportance of differential gene e:q)ression and 
n ..characterization pf, differentially, , expressed genes, 
has existed for many years. . 

>■■■■( -.'-^ • n v .7O ' v ; J . i'; ' r . ^ i : ^ •; ^ . - 

; •..'-■»< ■ <■ ^ " V . r • . , 

■■ - . I . - 1 J- ! • '. t _ • \ 

16. As noted in the preceding ' excerpt from my 
^enoijiotica review, expression prdfiling' iri ' toxicdlogy 'studies 
yiel'd patterns of chkhges" thait' are 'charadt^ristic:' 'df an agerit^ 
of^ unlmown toxicity, whidh patterns may usefully be inatched' to 
those of well-characterized tdxins'.- '' ' 

17. In thie context of such pattexTis of gene ' 
expression, each additional gene-specific probe provides an 
additional signal that could not otherwise have been detected, 
giving a more comprehensive, robust, higher resol'utiori -- and 
thus more useful ^- pattern than otherwise would have been 
possible.* '" •■■ ■ ■ ■ ■ ^ • -■ ■■ 

.18. It is my opinion,, therefore, based on the state 
of the art in toxicology at least since the mid-1990s — and 
as regards protein profiling, even earlier -- that disclosure 
of the sequence of a new gene or protein, with or without 
knowledge of its biological- function, would have been 



8 In a sense, each gene-specific probe used in such an analysis is 
analogous to a different one of the many parts of an engine, with each 
individual part, or subcombinations of such parts, deriving at least part 
of their usefulness from the utility of the coit^jleted combination, the 
functioning engine. 
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sufficient information for a tbxicologist to use cthe'^gene 
aiid/or t)f6t6in in e^qpfessib^ profiling studies in toxicology. 



19 . v . The. statements.-made in this declaration 



represent , my , individual views . and are not intended to 
represent the ppinion of iny eiiploy^r, the United States 
Environmental .Protection. Agency, or of any other branch of the 
federal government. -Other. than my current engagement to 
provide this declaration, I have neither had, nor currently 
have-,, financial.. ti^s, to., - or^ financial interest in, Incyte 
Corporation. I am not myself , an inventor on any ^patent 
application claiming a . gene, or , gene fragment. 

20. I declarie further that all statemeiits made ' • 
herein of my own knowledge are true and that all statements 
made on information and belief are believed to be true, and 
further that these statements were -made with the knowledge 
that^ willful false statements and the like so made are 

' • t ' * 

punishable by fine .or imprisonment, or both, under 
Section: 1001 of Title 18, of the United States Code and may 
jeopardize the validity of any patent application in which 
this declaration is filed or any patent that issues thereon. 




John Coughlin Rocket t III, Ph.D. Date 
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PERSONAL DETAILS 



; 1 f 



Name: 



Nationality: 



Work Address: 



r 1 _ >- 



John Cbughlin Rockett IE 



USA 



■ ! t ' 




National Health and Environmental Effects Research Laboratory 




/ 1 




Research Triangle Park 
NC 27711 
USA - 



■s- „ 



Work Telephone: +001 (919) 541 2678 



WorkFax: 



+001 (919)541 4017 



Work E-mail: rockett.iohnfaieDa.gov 



' = Employment and Higher Education . v.,. ■ „ . j,, 

CURRENT POSITION (12/00-pfesent)' 

Research Biologist , , 

..Gamete and Early Enibpro3iol6gy Br^ - . ; ■ . > . \ , r , 

Reproductive T6?cicolb .. - = : ■•<..::. : ^ ; : i ' , . . 

" National Health arid EnvironniOTtai Effects' Resfearcti - . : . , ; ;j . 

.US Environmental Protection Agency 

'\Research' frianjgje Park ' ■ ■ '- '"•■i- * ^^ r ^ ,(jA-r,i-;' v.- o-' 

PREYIOUS'POSItlONS' - --^ ^ ■ , rK?-.-.. jj 

■ ' 8/98-12/00:'NHEERL Post-Doctoral Research Fellow,: Gamete and Early Embryo Biology 
Branch, Reproductive Toxicology Division, National Health and Environmental Effects 
Research Laboratory, United States Environmental Protection Agency, Research Triangle Park 

Supervisors: Dr Sally P. Damey (Scientific publications under Sally D. Perreault) and Dr David 



5/95-7/98: Rhone-Poulenc Post-Doctoral Research Fellow, Molecular Toxicology Group. School 
ofBiological Sciences, University of Surrey, Guildford, Surrey, England. 
' Supervisor Prof G. Gordon Gibson, i ; t , . j ; 

EDUCATION- r ■ 

Ph.D., 1995 - Umversity of Warwick, Coventry, W. Midlands, England 

Title: Transforming Growth Factor-p and hnmune Recognition Molecules in Oesophageal 
Cancer. 

Supervisors: Dr Alan G. Morris (University of Warwick) and Dr S. Jane Damton (Birmingham 
Heartlands Hospital) 

B.Sc. (Hons.), 1991 - Umversity of Warwick, Coventry, W. Midlands, England. 

Degree: Microbiology and Microbial Technology (with intercalated year in industry). Class 2i. 

Tutor: Professor Howard Dalton. 
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PROEESSIPNAL ACTIVITIES 



Membershij^ of Prqfessional Societies: . / : - ^ ^ ^ no; ;v eeimg 

,?(K:ie^ pf Toxicology (Inc. Molecular Biology Speciality Section) (2001 -present) 

:5aOTce iVdvisoiy Board (2001 -^^^ ' ' ■ - - ^ 'n^ v ; ; 

^iNoi^ Carolina, Chap^^ / " t.;., rvk -r;- ^ii . 

^Tnmgie Qbrisoitim^ • - ^- ^ uJ; :-r::.i;yv>axv'}i, 

TTri.iin^e 'Array Use^^ ^- = • ' ■^'•■'>'%'- a\. -v/n., 6,, fjoj,^.;- 

' ihstiiute of Biology (U JC.) ( 1 989 - present) 
British Toxicology Society (1996 - 2000) 

.;Biocheinical Society juX.V(l^^^ ' ^ " ' ' ■'- - mJ:! . S r. r. Tv 

BHifish'Society for Immunol^^^ " ' : : -pi ; rc: 1 



Membership of Scientific Commitieiis: ' ' ' ■ • ' ^ 
; feteiTiational'tife Sciences Institute's (ILSI)^^^ 

Technical. Committee on the Application of Genomics to Mechanism^Based Risk' Assessment: 
• Steering Committee (5/02-preserit); ' ' . . r . ; v r .. ; : . j"; 

' . Hepatbtoxicity Working Group Vice-Chair (5/02-pfesent). ' ' ' 

™f ^^™^f ' Fertility and Early Pregnancy Work Group pf the National Children's Study 
(07/01 -rPresent). , , . ; , , . , ; • j . ; , , 



NationaHedtha^^^ 

Committee (July 03-present). . , ; 

U.S. Environmental Protection Agency Genomics Task Force jilicroairay f eclmical ' 
Subcommittee (August 03-present). 

National Health and Envi^nmental Effects Research Laboratory Genomics and Proteomics 
Committee (NGPC) (September 03-present). 



Professional Meetings: 

Invited participant ("Observer") in Expert 'Panel Workshop: "The Role of Environmental Factors 
on the Onset and Progression of Piiberty in Children". Organised by Serono Symposia 
International. November 6 -8^ i2003, qiicago, IL, USA. 



Joint organiser and co-chair of: "Genomic analysis of surrogate tissues for measuring toxic 
exposures and drug action", the "Innovations in Applied Toxicology" Symposium for the Society 
of Toxicology 42 Annual Meeting, March 9*-l 3*. 2003, Salt Lake City, UT USA. 
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(8) John C'Rockett," David X Esdaile and G Gordon Gibson (1999). Differential gene e3q)ression 

in drug metabolism: practicalities, problems and potential. Xenobiotica, 29(7):655-691. 

(7) MC Muiphy, CN Brooke, JG Rockett; C Gh^manj JA EbVegrove, BJ Gould, JW Wright and 

^ ^ quanti tatioii of lipoprotein lipase mRNA iri bibpsies of human adipose 

tissue; using the pblymCTase chain reaction, and the effect of increased consumption of n-3 
polyunsaturated fatty acids. European Journal of Clinical Nutrition, 53:441-447 

(6) JC Rbckett, pj pdail^ 

caitmogehesis usiiig 'differential display reverse triiscnptioh iK>lymei^e chain reaction (ddRT- 
PCiy. European Journal of Drug Metabolism & Pharmacokinetics 22(4):329-33. 



^ ' * ■■ ' -',1 *♦ f'l * 1- I " 



;(5) Rockett, Jiilai^kin, k., Damtbn, S:, Morris;' A. arid Matthews, H: (1997): Five newly 
established oesophageal carcinoma cell liiies: phenot)pic and imihunolbgibai characterisation 
' British Jdurnal of Ciarich- 15(2)2^^^^ . • - r . -f. . . . . , , 



(4) J C Rockett, S J Damton, J Crocker, H R Matthews and A G Morris (1996). Lymphocyte 
infiltration in oesophageal carcinoma: lack bfcori-elation v^th MHC antigens, IC AM- 1, and mmour 
• stage and gmde. Journal of Clinical Pathology 49:264-267: > • ' 

(3) J C Rockett, S J Dariiton, J Crocker, H R Matthews and A G Morris (1995); Expression of HL- 
ABC and HLA-DR histocompatability antigens and intercellular adhesion molecule- 1 in 
oesophageal carcinoma. Journal of Clinical Pathology 48:539-44. 

**■ ^ ■ ■ '■ '■>/. 

' ■ ' • i . ^ ■ 

(2) Salam M, Rockett J and Morris A (1995). The prevalence of different human papillomavirus 
types and p53 mutations in laryngeal carcinomas: is there a reciprocal relationship? European 
Journal of Surgical Oncology 21 :290-296. 

(1) Salam M, Rockett J and Morris A (1995). General primer-mediated polymerase chain reaction 
for simultaneous detection and typing of HPV in laryngeal carcinomas. Clinical Otolarymolosrv 
20:84-88. ^ « 



(2) Articles Submitted To A Scientific Journal 

(4) John C. Rockett^ Judith-E. Schmid, Christopher J. Luft, J. Brian Garges, M. Stacey Ricci, 
Pasquale Patrizio,;Norman B. Hecht and David J. Dix. Gene Expression Patterns Associated with 
hifertility in Rodent and Human Models. * A n in vited submission * 

(3) Roger UWch, John C. Rockett, G. Gordon Gibson and Syril Pettit. Evaluating the Effects of 
Methapyrilene and Clofibrate on Hepatic Gene Expression: A Collaboration Between Laboratories 
and a Comparison of Platform and Analytical Approaches. 

(2) Valerie A Baker, Helen M Harries, Jeffrey F Waring, Roger Jolly, Angus de Souza, Judith E 
Schmid, Hong Ni, Roger Brown, Roger G Ulrich and John C. Rockett. Clofibrate-Induced Gene 
Expression Changes in Rat Liven A Cross-Laboratory Analysis Using Membrane cDNA Arrays. 
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; 0) David l^llar. Corrado Spadaibri DaVid Diic;Adrian.Platts Johb C Roclcpit kt^^ a 
;;^wet2 Nuclease digesticrii^ 

(3) Articles In Preparation For Submission To A Scientific Journal 



'^^Sll^ J' ?^ J'^'^^'^iV^'f " ' «n>'^i''» in mouse 

strains sensidve and resistant to endocrine disruplion by estrogen. 

■ l^?oti?Sfr f Reproductive,Dev.lopn,ent Wflealthf rA^Slt 



Omstop^ LuiSouigik B. lulVy. John C. Rockett.' Judith E. Schmid and 
David J. Dix. Reproductive and genomic effects in testes from mice exposed to the water 
disinfectant byproduct brompchlproacetic acid 



(4) Book Chapters ' '^^ '^-^ ■ --^^-"-m^^ ■ 

' '5?^ Microairays Applied to Reproductive Toxicology. In Cunningham, 

^d). Geneuc and ProteomicA^^^^^ i„ Toxicity Testing, The Human Press. Totowa^ 
Preparation. * An invited submission* , a,iuiuwd.iii 

% • ' ■ . 

. r ► * 

3) John C. Rockelt David J Dix. Gene Expression Networks. In Cooper (ed-in-chief)- 

(2) John C. Rockelt The Future oIToxicogenomics. In Michael Burczynski (edV "^^m 
STm2S.Iri!$*^°"*f I^n-Son. NewYoric: Washington D.C.. 

PP299-317 (2003). * An tnvited suhnti\tinM* ® 

Col^vt^r; ^'"^'^^ M^J°^ Histocompatibility 

Complex (MHC) class I and H and Intercellular Adhesion Molecule (ICAM)-1 expression in 

oesophageal carcinoma. Peracchia A, Rosati.R, Bonavina L, Bona S. Chella B (eds): Recent 

Advances tn Diseases of the Esophagus: Bologna: Monduzzi Editore. pp45-49 (1 996). 

(SJOther Scientific Publications (Letters toMditors; Meeting Reports; Commentaries 

(11) John C Rockett (2003). Probing the nature of microarray-based oligonucleotides. Drug 
Discovery Today 8(9):389. (A Letter To The Editor) * An invited suhn,i.L.* ^ 

(1 0) John C Rockett (2003). To confirm or not to confirm (microairay data) - that is the Question 
Drug Discovery Today 8(B):343. (A Letter To The Editor) mat. is the question. 
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(9B)^a2zarOTo BaIIaton, Jam^^ and John C Rockett. (2003). Exploiting Genome Data 

= to Understand the Function, Regulation and Evolutional' Origins of Toxicologically Relevant" 
] .^f y^r^" f!^^^^^ Perspect. 1 1 1 (6):871-5. (A Meeting Report) 

(9A) Nazzarrao Ballatori. James L Boyer, and John C. Rockett. (2003). Exploiting Genome Data 
to Undenstand.lhe Function, Regulation Md Eyolutionary,Q^ of Toxicologically. Relevant 
Genes. EHP Toxicogenomics. 1 1 l(lT):61-5. (A Meeting Report}. , 



.(8) John C Rockett (2002). Surrogate Tissue Analysis for Monitoring the Degree and Impact of 
Exposures m Agricultural Workers. AgBiotechNet. 4:1-7 November, ABN 100. (A Review Articled 
M/i invited submission * 



(7) John C. Rockett (2002). Macroresults Through MicroaiTays/Z)/igiiscoven; Tbiav 7(15)-804- 
S05 . (A Meeting Report) j'' \ /> 

(6) John C Rockett (2002). Chip, chip,, array! Three chips for, post-genomic research. Z?n/^ 
Discovery Today,1{%) A5Z-A59. (A Meeting Report) 

(5) John C Rockett (2002). Use of Genomic Data in Risk Assessment. GenomeBioloey 3(4)- 
reports401 1 . MOll .3 (http://genomebiologv.coni/2nn7 /3/4/reDorts/4m l/Oi..p „.rrf=n Meeting 
Report) ~ : — ' * 

(4) John C Rockett (2001). Genomic and Proteomic Techniques Applied to Reproductive 
^'Sing ^^^^^ ^^^^ '^-^^^^•^ fhttD://genonieh.nl ngvxom/2nni-/9/Q/r^ »rtcMnon/) 

(3) John C. Rockett (2001). Chipping away at the mystery of drug responses The 
Pharmacogenomics Journal, 1(3);161-163. (A commentary) * An invited submisfiinn* 

(2) Rockett, John C. and Dix, David J. (1999). U.S. EPA workshop: Application of DNA arrays to 
Toxicology. Environmental Health Perspectives, 107(8):681 -685. (A Meeting Report) 

(1) John C. Rockett III (1995). hnmune recognition molecules and transforming growth factor 
beta-1 m oesophageal cancer. Ph.D. thesis. University of Warwick, Coventry, England (Ph D 
thesis) J o \ ■ ■ 



( 6) Published Book, Paper and Website reviews 

(9) John C. Rockett (2002). A report on the manuscript: Systemic RNAi in C. elegans requires the 
putative transmembrane protein SID-1. Winston WM, Molodowitch C, Hunter CP Science 2002 
295:2456-2459. Ge/jomeBioIogy. 3(7):reports0034 
http://genomebiolQg v.eom/2002/3/7/reDorts/n014/ 
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(8) John C. Rockett (2001). A report on the manuscript: Genetic rescue of an endangered mau 
by prqss-species nuclear transfer usingcpost-mprtem somatic cells. P Loi , et al. '.Nqt Biotechnol 
,20P1,.1^9;962t9.64. GeBp/«eBiology, 3(l):n^ 
fhttp://genomebioloev.com/2001 /3/1 /report5/Q0Q6A . . , , . 



IMII 



lal 



(7) John C. Rockett (2001). A report on the manuscript: Molecular Classification of Human 
Carcinomas by Use;of Gene Expression Signatures. A Su et al.. Cancer Res. 2001 , 61 :.7388-7393 
GenomcBiology, 3( 1 ):reports0005. fhttp://genomebiolnt>Y r.oni/2Q01 73/1 /reports/OOasi 



A- 



' ' / lit 



(6) John G. Rockett (2001). Ateport on the manuscript: Genetic evidence for two species of 
elephant in Afiica A Roca^t al., Science. 2001 Aug 24;293(5534): 1473-7. Ge/iomeBiology, 
2(12):reports0045.(http://www.eenom ebioloBv.com/2001/2/12/reports/0045/ :v 



^(5) John C. Rockett (2001). A report on the manuscript: Extensive genetic polymoiphism in the 
human CyP2B6 gene with impact on expression and function in human hver. T Lang et al 
Pharmacogenetics, 2001, 1 1(5):399-415. Ge/iomeBiology, 2(12):reports0044. 
flittp://www.genomebiol ogv.com/200T/2/12/reDorts/0n44/^ . . t 

) (4) John C. Rockett (2001). A report on the manuscript: Novel Human Testis-Specific cDNA: 
molecular Cloning, Expression and Immunological Effects of the Recombinant Protein. R 
Santhanam and R K Naz, Molecular Reproduction and Development 60:M2 (2001); 
GcwomeBiology, 2(1 l):reports0040. (http://genomebiologv.corn/2001/2/l l/rennrts/fifunA 

(3) John C. Rockett (2001). A report on the website: BIND - The Biomolecular hiteraction 
Network Database (http://www.bind ca/) r;/.>,om^Wininjg, 2(9):.reports201 1. 
http://www.genomebiol ogv.com/2nni/2/9/repoTts/:?nn / ' 

(2) John C. Rockett (2001). A report>on the manuscript: Exploring the DNA-binding specificities 
of zmc fingers with DNA microauays. ML Bulyk et al., Prod Natl Acad Sci USA 2001, 98:7158- 
7163. GenoweBiology, 2(10): reports0032. (http://genomebiclogv.com/2001/2/10/rep nrts/nn^7A 

(1) J Rockett (1996). A Book Review on: "Cell Adhesion and Cancer" (Eds., Hogg N. and Hart I ) 
Clinical Molecular Pathology 49( 1 ):M64. * An invited submission* 



(7) Published Abstracts of Poster and Oral Presentations 

(17) Amber K. Goetz, Wenjun Bao, Judith E. Schmid, Camien Wood, Hongzu Ren, Deborah S 
Best, Rachel N. Muirell, John C. Rockett, Michael G. Narotsky, Douglas C. Wolf. Douglas B 
Tully, David J. Dix" Gene Expression Profiling in Testis and Liver of Mice to Identify Modes of 
Action of Conazole Toxicities. Society of Toxicology 43"" Annual Meeting, March 21 "-25'*' 2004 
Baltimore, MD, USA. Tbxico/ogica/ Sciences. (Submitted) 

(16) Jane Gallagher, Theresa Uhman, Ramakrishna Modali, Scott Rhoney, Marien Clas, Jeff 
hrnion, John C. Rockett, David Dix, Cindy Mamay, Suzanne Fenton, Suzanne McMaster, Stan 
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Meeting, 

Tdxicdiogicdl Sciences. (Submitted) 

i (15)a.S..Puka2henthi, J: Ci-Rockett, M.^Oiiyang; D J/Dix-J.G/HoWaid, p; 

J Welsh and D. E; Wildt. Gene Expression In Thie Testis'Of Nonhospermic Vosiis Teratdsp4nic 

^:HDomestic Gats -Using HummcDNA Microaifay Analy^^^^ 

-•36 Annual Meeting, July 19*-22"^ 2003,Cincinnati. OH, USA. Biology of Reproduction 68 (Supp 
1):191. 

(14) David J. Dix and John C. Rockett (2003). Genomic and Proteomic Analysis of Surrogate 
Tissues for Assessmg Toxic Exposures and Disease States. Innovation in Applied Toxicology 
symposium entitled "Genomic and Proteomic Analysis of Surrogate Tissues for Assessing Toxic 
Exposures and Disease States". Society of Toxicology 42"" Annual Meeting, March 9*- 13* 2003 
Salt Lake City, UT, USA. Toxicological Sciences 72(S-1):276. 

(13) John C. Rockett, Chad R. Blystone, Amber K. Goetz, Rachel N. Muirell, Judith E. Schmid 
and David J. Dix. (2003). Gene Expression Profiling Of Accessible Surrogate Tissues To Monitor 
Molecular Changes In Inaccessible Target Tissues Following Toxicant Exposure. Innovations in 
Applied Toxicology Symposium entitled "Genomic and Proteomic Analysis of Surrogate Tissues 
for Assessing T oxic Exposures and Disease States". Society of Toxicology 42"" Annual Meetine 
March 9"'-13"', 2003. Salt Lake City, UT, USA. Toxicological Sciences 72(S-1):276. 

(12) Douglas B. TuUy, J. Christopher Lufl, John C. Rockett, Judy E. Schmid and David J Dix 
(2002). Effects on gene expression in testes from adult male mice exposed to the water disinfectant 
byproduct bromochloroacetic acid. Society for the Study of Reproduction 55'* Annual Meeting July 
28-31 , 2002. Baltimore. Maryland. USA. Biology of Reproduction 66 (Supp 1 ):223. 

(1 1) David J. Dix, Kary E. Thompson, John C. Rockett, Judith E. Schmid, Robert J. Goodrich 
David Miller, G. Charles Osteimeier and Stephen A. Krawetz (2002). Testis and spermatazola RNA 
profiles of nonnal fertile men. Society for the Study of Reproduction ii'* Annual Meeting July 28- 
31. 2002, Baltimore. Maryland. USA . Biology of Reproduction 66 (Supp 1 ): 1 94. 

(10) Asa J. Oudes, John C. Rockett, David J. Dix and Kwan Hee Kim (2002). Identification of 
retinoic acid induced genes in mouse testis by cDNA microarray analysis. 27"" Annual Meeting of 
the American Society ofAndrology, 4/24-27/02. J Andrology Supplement March/April. 

(9) John C. Rockett, Robert J. Kavlock, Christy Lambright, Louise G. Parks, Judith E Schmid 
Vickie S. Wilson and David J. Dix (2002). Use of DNA arrays to monitor gene expression in bliod 
and uterus from Long-Evans rats following 1 7-P-estradiol exposure - a new approach to 
biomonitoring endocrine disrupting chemicals using surrogate tissues. Toxicological Sciences 66(1 V 
Abstract No. 1388. 

(8) David J. Dix and John C. Rockett (2002). Genomic analysis of the testicular toxicity of 
haloacetic acids. Platform presentation at the symposium, "Defining the cellular and molecular 
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mechanisms of toxicant action in the testis". Toxicological Science 66 (1): Abstract No.848. 



(7) JC Rockett, JC Luft, JB Garges and DJ Dix (2001). The reproductive effects of the water 
disinfectant byproduct bromochloroacetate on juvenile and adult male mice. Toxicological 
Sciences, 60 (1):250. * 

(6) Tarka DK, Klinefelter GR. Rockett JC, Suarez JD, Roberts ML and Rogers JM (2001) Effect 
of gestational expsore to ethane dimethane sulfonate (EDS), bromochloroacetic acid (BCA) and 
molinate on reproductive function in CD-I male mice. Toxicological Sciences, 60 (1):250. 

(5) Garges JB, Rockett JC and Dix DJ (2001). Developmental and reproductive phenotype of mice 
ackmg stress-mducible 70 kDa heat shock proteins (Hsp70s). Toxicological Sciences, 60 (l)-383 
(4) D Dix, J Rockett. J Luft, J Garges, M Ricci, P Patrizio and N Hecht (2000). Using DNA 
microairays to characterise gene expression in testes of fertile and infertile humans and mice 
Biology of Reproduction, 62 (s 1 );22 7. 

(3) J Luft, J B Garges, J Rockett and D Dix (2000). Male reproductive toxicity of 
bromochloroacetic acid in mice. Biology of Reproduction, 62 (sl);246. 

(2) Rockett, JC, Garges. JB and Dix. DJ (2000). A single heat-shock of juvenile male mice causes 
a long-term decrease m fertility and reduces embryo quality. Toxicological Sciences 54 (1):365. 

(1) JC Rockett, SJ Damton. J Crocker. HR Matthews and AG Morris (1 994) Major 
Histocompatability (MHC) class I and H and intercellular adhesion molecule (ICAM)-1 expression 
m oesophageal carcinoma (OC). Immunology 83 (s 1 ):64. 



(8) Invited Oral Presentations 

(10) John C. Rockett and Gary M Helhnann. To confirm or not to confirm (microarray data) - 
that IS the question^ Seminar for EPA/NHEERL Genomics and Proteomics Committee's AnayOA 
forum, August 25*^. 2003, RTP, NC, USA. 

(9) John C. Rockett. "Biomonitoring Toxicant Exposure and Effect Using Toxicogenomics and 
Surrogate Tissue Analysis" . Seminar for Division of Epidemiology, Statistics and Prevemion 
Research, National histitute of Child Health and Development. May 29*. 2003. Rockville MD 
USA. ' ' ' 

i?ct°T?A"» ■ r^^"^'"'" <^ndProetomics: New Toxicity Testing". Platform presentation at 

^^^^^«8^°"^ ^sk Assessors Annual Conference. April 28'*' - May 2"". 2003. Stone Mountain 
GA, USA. * 

(7) John C. Rockett. Chad R. Blystone. Amber K. Goetz, Rachel N. Muirell, Judith E. Schmid and 
David J. Dix. ''Gene Expression Profiling Of Accessible Surrogate Tissues To Monitor Molecular 
Changes in Inaccessible Target Tissues Following Toxicant Exposure." Platfoim presentation at 
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SoT 42 Annual Meeting symposium entitled "Genomic and Proteomic Analysis of Surrogate 
Tissues for Measuring Toxic Exposures and Drug Action" , March 9*-13*j 2003, Salt Lake C\t 
UT, USA. 

(6) John C. Rockett. "A Toxicogenomic Approach to Surrogate Tissue Analysis" . Seminar for 
Department of Environmental and Molecular Toxicology, North Carolina State University 
September 3"*, 2002, Raleigh, NC, USA. 



(5) John C. Rockett. "Differential gene expression in toxicology: practicalities, problems and 
potential". Platform presentation at P"" Annual Mount Desert Island Biological Laboratory 
Environmental Health Sciences Symposium: Exploiting Genome Data to Understand the Function. 
Regulation and Evolutionary Origins of Toxicologically Relevant Genes, July 1 0*- 11 2002, 
Salisbury Cove, Maine, USA. 

(4) John C. Rockett, Leroy Folmar, Michael J. Hemmer and David J. Dix. "Arrays for 
biomonitoring environmental and reproductive toxicolog/'. Platform Presentation at Macroresults 
Through Microarrays 3 - Advancing Drug Development, April 29*-May 1 2002, Boston MA 
USA. 

(3) John C. Rockett, Sigmund Degitz, Suzanne E. Fenton, Leroy Folmar, Michael J. Hemmer, Joe 
E Tietge, and David J. Dix. "Use of DNA Arrays in Environmental Toxicology". Platform 
presentation at the / Annual Lab-on-a-Chip and Microarrays for Post-Genomic Applications 
meeting, January 14*- 16*, 2002, Zurich, Switzerland. 

(2) John C. Rockett. "DNA Arrays". Seminar ai EPA Molecular Biology Course April 8* 1999 
USEPA, RTP, NC, USA. 



(1) John C. Rockett "Contract Services for Array Applications". Seminar at the Triangle Array 
Users Group, May l", 1999, CHT, RTP, NC, USA. 



(9) Other Poster and Oral Presentations 

(23) John C. Rockett, Wenjun Bao, Chad R. Blystone, Amber K. Goetz, Rachel N. Murrell, 
Hongzu Ren, Judith E. Schmid, Jessica Stapelfeldt, Lillian F. Strader, Kary E. Thompson and David 
J. Dix. Genomic Analysis of Surrogate Tissues for Assessing Environmental Exposures and Future 
Disease States. ILSI-HESI meeting: Toxicogenomics in Risk Assessment - Assessing the Utility, 
Challenges, and Next Steps. June 5*-6*, 2003, Fairfax, VA, USA. 

(22) John C. Rockett, Wenjun Bao, Chad R. Blystone, Amber K. Goetz , Rachel N. Murrell, 
Hongzu Ren, Judith E. Schmid, Jessica Stapelfeldt, Lillian F. Strader, Kary E. Thompson and David 
J. Dix. Genomic Analysis of Surrogate Tissues for Assessing Environmental Exposures and Future 
Disease States. EPA Science Forum, May 5*-7*, 2003, Washington, D.C., USA. 
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(21) Gennaine Buck, Courtney Johnson, Joseph Stanford, Anne Sweeney, Laura Schieve, John 
Rockett, Sherry Selevan and Steve Schrader. Prospective Pregnancy Study Designs for Assessing 
Reproductive and Developmental Toxicants. American Epidemiology Society Meetings March 27 - 
28*, 2003, Atlanta, GA, USA. 

(20) John C. Rockett, Chad R. Blystone, Amber K. Goetz, Rachel N. Murrell, Hongzu Ren, Judith 
E. Schmid, Jessica Stapelfeldt, Lillian F. S trader, Kary E, Thompson, Doug B. TuUy, Paul Zigas 
and David J. Dix. Genomic Analysis of Surrogate Tissues for Assessing Environmental Exposures 
and Future Disease States. National Children's Study Assembly Meeting, December 16*-18 , 2002, 
Baltimore, MD, USA. 

(19) John Rockett. The Use of Gene Expression Profiling to Detect Early Biomarkers of Adverse 
Effects Prior to Clinical manifestation. National Children *s Study: Meeting of EPA Project Leaders 
- Methods Development Projects. November 20*, 2002, USEPA, RTP, NC, USA. (Oral 
Presentation) 

(18) GC Ostermeier, RJ Goodrich, K Thompson, J Rockett, MP Diamond, K Collins, NICHD 
Reproductive Medicine Network, DJ. Dix, D Miller and SA Krawetz. Defining the spermatozoal 
RNA population in normal fertile men. American Society of Reproductive Medicine October 12-17, 
2002, Seattle, WA, USA. 

(17) G. Charles Ostermeier, Robert J. Goodrich, Kary Thompson, John Rockett, Michael P. 
Diamond, Karen Collins, NICHD Reproductive Medicine Network, David J. Dix, David Miller and 
Stephen A. Krawetz. RNAs isolated fi'om ejaculate spermatozoa provide a noninvasive means to 
investigate testicular gene expression. Gordon Conference on Mammalian Gametogenesis & 
Embryogenesis, June 30*- July 5*, Connecticut College, New London, CT, USA. 

(16) David Dix, John Rockett, Judith Schmid, Lillian Strader, Douglas TuUy. Genomic analysis of 
testicular toxicity. USEPA/NHEERURTD Peer Review, October 22"^ 2001 , RTP, NC, USA. 

(15) David Dix, John Rockett, Judith Schmid, Douglas Tally. Monitoring human reproductive 
health and development through gene expression profiling. USEPA/NHEERL/RTD Peer Review, 
October 22"^ 2001, RTP, NC, USA. 

(14) Patrizio P, N Hecht, J Rockett, J Schmid and D Dix (2001). DNA microairays to study gene 
expression profiles in testis of fertile and infertile men. 57th Annual Meeting of the American 
Society for Reproductive Medicine, October 20'^-25'^ 2001, Oriando, FL, USA. 

(13) Jimmy L. Spearow, Dale Morris, Uland Wong, Rashid Altafi, Saeed Eteiwi, Mark Stanford, 
Trevor Steams, Lorena Orozio, Angela Chen, John Rockett, Douglas Tully, David Dix and 
Marylynn Barkley. Genetic Variation In Susceptibility To The Disruption Of Testicular 
Development And Gene Expression By Pubertal Exposure To Estrogenic Agents. Third Annual . 
University of California at Davis Conference for Environmental Health Scientists, Disruption of 
Developing Systems and Advances in Therapeutic Approaches August 27^, 2001, UC Davis, CA, 
USA. 
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(12) Taxka DK, Klinefelter GR, Rockett JC, Suarez JD, Roberts ML and Rogers JM (2001). Effect 
of gestational expsore to ethane dimethane sulfonate (EDS), bromochloroacetic acid ^CA) and 
molinate on reproductive function in CD-\ male mice. North Carolina Society of Toxicology Winter 
Meeting, March 3"*, 2001 . NIEHS, RTP, NC, USA. 

(1 1) David Dix, John Rockett, Leroy Folmar, Michael Hemmer, Sigmund Degitz, and Joseph 
Tietge (2001). Biomonitoring the Toxicogenomic Response to Endocrine Disrupting Chemicals in 
Humans, Laboratory Species and Wildlife. U.S. - Japan International Workshop for Endocrine 
Disrupting Chemicals, February 28*-March 3"*, 2001 , Tsukuba, Japan. 

(10) John C. Rockett, Faye L. Mapp, J. Brian Garges, J. Christopher Luft, Chisato Mori and David 
J Dix David Dix (2001). The effects of hyperthennia on spemiatogenesis, apoptosis, gene 
expression and fertility in adult male mice. Triangle Consortium for Reproductive Biology Annual 
Meeting, January 27*, 2001, RTP, NC, USA. 

(9) GangoUi E, Dix DJ, Garges J B, Rockett, JC and Idzerda RL (2000). Testosterone Regulation 
of Sertoli Cell genes. / 7** International Congress of Endocrinology, October 29*-November 2"**, 
2000, Sydney, Australia. 

(8) J Rockett, J Lufl, J Garges, M Ricci, P Patrizio, N Hecht and D Dix (2000). Using DNA 
microanays to characterise gene expression in testes of fertile and infertile humans and mice. 
Functional Genomics & Microarray Data Mining, August 3"'-4th"' 2000, Durham, NC, USA. 

(7) Rockett JC, S Ricci, P Patrizio, NB Hecht, JB Garges and DJ Dix (2000). Gene Expression in 
the Mammalian Testis. 5** NHEERL Symposium, June 6*-8*, 2000, RTP, NC, USA. 

(6) J Luft, J B Garges, J Rockett and D Dix (2000). Male reproductive toxicity of 
bromochloroacetic acid in mice. 2000 NIEHS/NTA Biomedical Science and Career Fair April 28* 
2000, RTP, NC, USA. 

(5) Rockett JC, S Ricci, P Patrizio, NB Hecht, JB Garges and DJ Dix (2000). Gene Expression in 
the Mammalian Testis. Molecular Toxicology. Toxicogenomics and Associated Bioinformatics 
Applied to Drug Discovery meeting, January 1 1*-15*, 2000,Santa Fe,NM, USA. 

(4) JC Rockett and DJ Dix (1999). Development of DNA arrays for the analysis of testis-expressed 
genes in humans and mice. The 8th Annual National Health and Environmental Effects Research 
Laboratory Open House. November 2"*'-3'^, 1999, RTP, NC, USA. 

(3) JC Rockett, DJ Esdaile and GG Gibson (1997). Molecular profiling of non-genotoxic 
carcinogenesis using differential display reverse transcription polymerase chain reaction (ddRT- 
PCR). The British Toxicology Society Annual Meeting, April 19*-22"^ 1998, University of Surrey, 
Guildford, Surrey, England. 

(2) JC Rockett, DJ Esdaile and GG Gibson (1997). Molecular profiling of non-genotoxic 
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carcinogenesis using differential display reverse transcription polymerase chain reaction (ddRT- 
PCR). Poster presentation at Symposium on Drug Metabolism: Towards the next Millainium. 
August 26*-28*,l 997, London King's College, London, England. 

(1) J Rockett, S Damton, J Crocker, H Matthews and A Morris: Major Histocompatibility Complex 
(MHC) class I and n and iitercellular Adhesion Molecule (ICAM)-1 expression in oesophageal 
carcinoma. Oral presentation at TTie 6th World Congress of the International Society for Diseases of 
the Esophagus, August 23"'-26*, 1 995, Milan, Italy. 
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p ate were printed onto glass microscope 
Slides in an area measuring 3.5 mm by 5^ 

Zk" .^'-li^' of » high^ amtying 
machme (3) The array, were processedb; 
chemiMl and heat treatment to atn«A thi 
DNA sequences to the glass sutfiice and 

fn??".'**?"" ""r*. primS 

«« a smgle lot. were used for the experi- 
njents here. A single microliter plate of 
PCR products provides sufficient material 
to prmt at least 500 anays 

Fluorescent probe, were prepared fiom 
toBi Anii«Jppw mRNA M) 

buhpm mRNA wa, supplemented with hu- 
man acetylcholine r«ptor (AChR) mRNA 
at a dilution of 1 : 10.000 (w/w) before cDNA 
synthesis, to provide an internal standard for 

fluomscently 

labeled cDNA mutnire was hybridised to an 
amy at high stringency (6) and scanned 

4C7 



with a bier (3). A hig^vsensidvicy on gave 
tignaU tKu wuiated die deceoOT 
aU rf dtt-AraWppjuftarget -sites :(F(g. lA).' 
Caia>tation relathre to dhe AGSiR nJU^ 
sondaid ^(Ilg. lA) enafalisbed a tensittvitv 
limit of-l;50A)0. No detectable hybridixa-' 
tion was.ofaaerved to ettKer the rat glucccor*. 
tic(^ recepcDri(F«, lA) oritKe yeast TRW 
(fig. JA) taigea cvea sat. die highest scazw 
rung setuitivicy. A moderate-sensitivtty scan 



ofthe same array allowed liitear detection of 
tte more abundant transcripts (Fig. IB). 
Wonntation of bodi scans revealed a range 
of exp^cssicai kveb sj^nning thoeordcts oif. 
SSS^'^^^jJ^^^ goes tested (TaWc 2). 
^l^f?' for. several genes (Rg. 2) 
cwrobawed. thc^essi^ levels measured : 

wth'tte-microanair lo.wiAin a factor of'5 
(Tablc.2). 

Differential gene expression was invcsti. 
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f z 
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PMudocolorcwwpo«JtorM)rtdii«*«Wt^^ 
with Ihe use of teiwiin oonoentfaicw of humanS^^ 

with DuomnMabaied eCmdartwdtan^ti^^ 

*wn *i<Mype i*m and Issanin^SSi 
lh8n6carr«J«x««K«^Sd«e^^ 

fesarrtne^abeled cOfOA irom teat tissuB. The sinote^ 

fc-re^^in ,^«««e oc.,.spJS^\^^J^^^^^^^ to detect me 

owTBspondifB to nflNAs expressed h leaves (F). fluorescence 
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gated wiih>a.tiimiicaneous. twt^<oter h^ 
bndnaaon scheme, .which «ved:io mul 
mue experimental variatioo inherent in dit 
«»parison of rindbpjendent hybridtwioaa. 

, o»RNA sources widi die use of leveiie tian- 

scriptasem the presence of fluorescein, and 
l«««in<-labcled= nucleotide ana^ «. 
spectively (5); The two probei wcie dm 
mixedjogedier in equal proportions, hy. 
oridued to a single aixay, and scanned cep- 
atately for fluorescein and ?lissamine cm2h. 
sion after independent cxciution of die two 
fluorophorcs.(3): 

To test whether overexpression of a sin- 
gle gene could be detected in a pool of total 
ArflWopsi, mRNA. we used a microanay to 
analyxe a transgenic line overexpteuing die 
single transcription factor HAT4 (8): Fluo- 
rescent probes representing mRNA . from 
wtld-^ were 
labeled widi fluorescein and lissamine, re- 
«P^ctively; die two probes were then mixed 
aiJd hybndued to a sir^gle array. An intense 
hybridization signal was observed at the 
position of.die HAT^ cDNA.in the lissa. 
mine-spccificscan (Fig, ID), but not in d« 
fluorescein^pecific scan of Ac same array 
(F^. IC). Calibration widi AChR roRNA 
*rJ5l ^ fluorescein and lissamine 

f^o^'^i^"" « dilutions of 

1:10,000 (Fig. IG) and 1:100 (Fig. ID) 

S2^"^iv. revealed a SCfold elevation of 
n/\i^ mKNA in the transgenic line rela- 

JiJ^wf^J^^^"""^^ wild-type plants. 
( 1 able 2). This magnitude of HAT4 over- 
expression matched diat inferred from the 
Northern (RNA) analysU within a fector of 
2 (Fig. 2 and Table 2). Expression of all dw 
odier genes monitored on die array differed 
by less than a factor of 5 benveen HAT4. 
transgenic and wild-type plants (Fig 1, C 



CABI 



HAT4 



ROC1 





0.01 IX) 



ai aoi 




20 2J) 0^ 
mRNA (ng) 

Hg. Z Gene expression monitored wrth RNA 
^rtnem) blot enalysis. Designated emouits of 
mRNA from wild-type and HAT4.transqrtc 
plants were spotted onto nylon membranes and 
probed wtth the cOnas indicaied. Purified twan 
AChR mRNA was used tor catoratiofv 




■nd D, and Table 2). Hybridization of flu- 
oracein-lafaeled Bluoocorticoid nceptor 

cDNA (Rg. ID) verified the pie*. 
«nce of the negative control taigeo and the 
l«ck of optical craa talk between the two 
"uorophoies. 

To explore a more conq>lex alteration in 
expiteion patterns, we peifonned a fecond 
wotolor hybridization experiment with 
fluorescein- and lisnmine-bbeied probes 
prepared from root and leaf mRNA. respec. 
lively. The scanning sensitivities for die 
wo fbotophoies were nonnalized by 
matching the signals resulting ftom AChR 



mRNA. w^uch was added to both cDNA 
•gtthau reactions at a dilution of 1:1000 

«Li:r ^'J^P'riion of the scans 
revealed wdespread differences in gene ex. 
prosion between toot and leaf tissue (Fig. 1 
b^cSB?*' »RNA from the lighlS^i 
^'f^ w« -500.fold more abi^ 
dant ,n lof (Rg. JF) dan in root tissue 

AM ^''J^ «P«sion of 26 other genes 
differed bet**en root and leaf tissuV^ 
n«»ethw a factor of 5 (Fig. 1. E and F) 

i he HAT4.ttansgenic line we examined 
ha* elongated hypocotyb. eariy flowering. 

SmiSII^J^ pigmentatiflS 
(8). Although changes in expression were 



Tabte 1. Sequences comained on the cDWAinfr^-^ 

J^^andiheacciS^ the Krx)^ a putative 

"thsj^ a aequenoe h the StetelTf^SS^ 




81.2 
83.4 
a5.6 
87.6 
as. 10 
an. 12 
bl.2 
t>3.4 
bS.e 
b7.B 
t>9. 10 
b11,l2 
C1.2 
C3.4 
C5.6 
C7,e 
c9 



10 
. 12 



C11. 
<J1.2 
d3.4 
d5.6 
d7,6 
d9. 10 
d11 
el. 2 
e3.4 
e5.6 
e7.8 
e9, 
ell 
M.2 
t3.4 
15,6 
f7,8 
19.10 

f11,12 

91.2 

93.4 

95. 6 

97.8 

99.10 

911,12 

hi, 2 

h3.4 

h5.6 

h7.8 

h9. 10 

h11.12 



10 
12 



12 



AChR 
ES73 
ESTB 
MCI 
ESn2 
EST13 
CABi 
EST17 
G44 
EST19 
GBF-I 
EST23 
EST2g 
GBF-S 
E5T3 4 
EST3S 
EST41 
rOR 
eST42 
EST45 
HATI 
EST46 
EST4g 
H47S 
H4T4 
EST50 
HATS 
EST51 
H4722 
EST52 
EST39 
KNAT1 
EBTBO 
EST69 
PPH1 
EST70 
EST75 
EST78 

mci 

ESTB2 
ESTB3 
EST6 4 
ESTB1 

EST96 
SARI 

EST100 
EST103 
7HP4 



Human AChR 
Actin 

NADH dehydrogenase 
Actini 

Uiknown 
Actin 

ghtarop hytt a/b bndnp 

^^*Rip>x3glyc©rate kinase 

^^**erBltic add biosynthesis 
Untrown 

G-box binding tactor 1 
Bongation tactor 
Aldolase 

G-toc binding tactor 2 
Chkvoptast protease 
Unimivn 



R3t 9*uoocorticoid receptor 
Uiknown 

ATPase 

Homeobox-leucine zpper 1 

Light havesting oompiex 
UhlaxMvn 

2ipper2 



Homeobox-ieucirie Zipper 4 



Homeobox-leucine zipper 5 
Uhknowvn 

> to»iwobox'l o ucir>e zyper 22 
Q*y9en e>«hflng 
Urtoiown 

^<nottad'^ike homeobox i 

RL fiisC O wTiall subuTit 

j5[»*at<on Bkxigation lector 
Protein phosphatase 1 
Unknown 

Oitoropiast protease 

Unknown 

Cyrt ophiln 

GTP binding 

Unknown 

UiknoMvn 

UnknoMfn 

Uhtviown 

Synaptobrevtn 

Light harvesting complex 
Light harvesting cornpiex 
Yeast tryptophan biosynthesis 



Trr.n-- ■■_ L - — — ^ " ' lUWSIS 

■ r^u,,. ^^^^ TNon,.^ni„o,^..^^ - 



H36236 

227010 

M20016 

U36594t 

T45783 

M85150 

T44490 

L37126 

U36595t 

X63d94 

X52256 

T04477 

X63895 

R87034 

T14152 

T22720 

Ml 4053 

U36596t 

J04185 

U09332 

T04063 

t76267 

U09335 

M90394 

T04344 

M90416 

233675 

U09336 

T21749 

234607 

U14174 

XI 4564 

T42799 

U34803 

T44621 

T43698 

R65481 

LI 4844 

X59152 

233795 

T45276 

T13832 

R54816 

Mg0416 

218205 

X0390g 

X04273 



for HAT< laty doni^ ^ 
P««» not ofaMmd fcr «y of 4e 
«»w 44 gena we eamined. TTito wm 
wniewhat wprirfng. pmicukriy beca«e 

ttlentrf«d 27 dlflmadally exptesaed amT 

Anal^ofa„exp.S3itofS«J5fe 
mquued to Identify genes whoi^S£ 
d««gM upon HAT4 ove«xpre«i^X^ 
«rivdy. a comparison of mRNA popd^ 
15«» fiom specific bssuei of wlld.t,^«5 

fi2t^SKtit".s:'^'*"''- 

At the current densitv tvJvtfi«> nrt^.- 
^ to produce aiajn containing 20«6 
«ouU be sufficient to piwide gei«V^ 

ga>OBu 12). The availability of 20l274 Kn 

Kwree of teinplata for such studies. 

The estimated 100^ gene. In the hu- 
"^^jfwwme aoytxcttd, the number of 
genes by a fiwor of 5 «). This 
nwdest moease in complexiiy suggesu diat 

fcSTs (I), could be used to detemine dte 

expreuion patterns of tens of diousands of 
human gaie, in divene cell types. Coupling 

^J^"^*^"^ " *e «ve»; 

traMcr,pt.on reaction (ii) cwild make it 
feasible to monitor expression even in 
mmute tjssue samples. A wide variety of 
acute and duonic physiological and paAo. 
logical conditions might lead to eha«c,e,. 
«ac change, in the pattern, of gene exprl 
«ion in peripheral blood cells or other rasilv 
•ampled tissues, fat concert with cDNA mi- 
croanays for monitoring complex expies. 
•wn patterns, these tissues might thoefeie 
*rve a, sensirive in vivosennw fbr^^ 
d«agnos«. Mieroanays of cDNAs could dws 
provufc a useful lirfc between human «^ 
sequences and clinical medicine. 



Table Z Gene expression nwntorta bv mkMr 

oflgiw^anioumsofhwnanACWnflSi'^ 

to me nwroarray were <wem*« ftom mtao^ 
ray scans (Rg. 1): values lor the RNA htovZ, 
<WefTrtned Irom RNA Mots (F^a 
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Gene Therapy in Peripheral Blood 
Lymphocytes and Bone Marrow for 
ADA Immunodeficient Patients 

Claudio Bordignon.* Luigi D. Notarangelo, Nadia Nobili 
Giuhana Ferran, Giulia Casorati, Paola PanV Evelina MSolari. 
Daniela Maggioni. Claudia Rossi, Paolo Servida ' 
Alberto G. Ugazio, Fulvio Mavilio 

Adenosine deaminase (ADA) defictency results In severe combined Immunodefiei^vn. 
tt^firrt genetic disorder treated by gene therapy. Two 6m^S^S^^^^^^ 

^ ^ "^"^ bone marrow^a^?^^ 

-^S^?"^^''"^ ^ P^*^ undergoing exogenous enzymTTeoKSS 
apy. After 2 years of treatment, long-term sunw^ of T and B iSS^J^ST.^^ 
and grariulocyles expressing the transferred ADA genew^ SSi^^SS 
J^m«toationo^^ 

J^d1S!I!i:f ^" °' treatment. T lymphocytes, derived from transS pSffl 

SS 'KTS^rj;^^ ^ marrow-derlved T ^Sn'S^S 

r^^J . indicate successful gene transfer into long-lasting progenitor ceOs 

producing a functional muhilineage progeny. progennor ceos. 



Severe combined immuruxlcficiency asso- 
ciated wiih inherited deficiency of ADA 
(J) is usually &tal unless afifected children 
are kept in protective isolation or the im- 
mune system is reconstituted by bone mar- 
row transplantation from a human leuko- 
cyte antigen (HLAHdentical sibling donor 
U). This is the dicrapy of choice, although 
it is available only for a minority of patients. 
In recent yean, other forms of therapy have 
been devebped, including transplano from 
haploidentical donon (3, 41 exogenous en- 
xyme leplacemcni (5). and somatic-cell 
gene therapy (6-9). 

We pctviously reported a preclinical mod- 
el tn which ADA gene transfer and expression 

P tiI5?^^ ° RoGsi. 

M»4lo. TflNRhon Gana Thvapy Program 

to^GsnsttOteeasas. OtBIT.tititutoScierttiftcoH.S. R«(. 
tesia, Mtarv ttaiy. 

mani Of Padatrcs. Urwarsrty of Brasba MeActf School 
BrascQ.lt*y. 

^ *niiMtoUiirii u , OlBrr. bWtuloSci- 
•n tticoK S. Maale. Mivi. ttaty. 
P. Panro. Roche Miiano RioarchB. M Mgy rtaly. 
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in hu- 



succcssfuliy restored immune ,^m, 
man ADA-deficient (ADA") t^^»m^ 
blood lymphocytes (PBLs) in immunodeft- 
cient mice in vivo (JO, Ji J. On die basis of 
these preclinical results, d»e clinical applica- 
tion of gene therapy for the oeatment of 
ADA* SQD (severe combind immunodefi- 
ciency disease) patients who previously &led 
exogenous cmyme leplacement therapy was 
approved by our Institutianal Ethical Com- 
mittees and by the Italian National Commit- 
tee for Bioethics (/2). In addition to evaluat- 
ing the safbty and efficacy of die gene dmapy 
procedure, the aim of the study was to define 
the relative role of PBLs and hematopoietic 
stem cells in the long-term leconstitudon of 
immune functions after retroviral vtoor-me- 
diated ADA gene transfer. For diis purpose, 
two structurally idcruical vectors expressing 
the human ADA complementary DNA 
(cDNA). distinguishable by the presence of 
alternative restriction sites in a nonfunctianal 
region of the viral long-terminal repeat 
(LTR), were used to transduce PBLs and bone 
marrow (BM) cells independendy. 'Hiis pro- 
cedure allowed identification of the origin of 
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subsequent to xenobiotic chaSeJl/ ^t^ V ""'u ""^'onmenta] conditions or 

and diagnostic procedures Hovj^J^V^^ a, J development of new experimental 
perhaps becombg coSus^by^r^^^^^ ior 
almost as many methods of discovV"™ "^"^"""^"O" amlabk as there appears to be 
groups using thSJque? ^ drfTerentially expressed genes as there are researdi 

analvsJSe^LtSSS^^^^ 

som; of the pracS:" SfcS of uSnl k" ?"?""^ ""^"'^^'^ ^ « discussion on 

»»obiotk toxiS.°i S miTb^mt.?^"?" Mfr" 1!^"" i"^""" "J 



Introduction 

r.J\ ''."T "^^"'""^ development of almost all cancers and manv non 

neoplastic diseases are accompanied by altered gene expression in the afSaed celk 

Z7k ^ ^^qTc """"^ '^'^ (Hunter 1991, Wynford-Thom^ 1991 Zel^^^^^^^ 
^d Kmzler 1993. Semenza 1994, Cassidy 1995. Kleinjan and Van Hegn ne^ 1998? 
Such chang^ also occur in response to external stimuli such as pathogenTmk^^^^ 
or„ (Rohn ,r ol. 1996. Singh et al. 1 997, Griffin and KrisCl 998 Lunn^" 

998 ^ wT T° ^^TY f • ^' ^998. Ramana and S 

S 7 ^ during Je development of undifferentiated cells (Hecht 1998 
Rudin and Thompson 1998. Schneider-Maunouiy et al. 1 998) The pm^^^^^ 
medical and therapeutic benefits of understanding^the molecula^* chang^ wS ^ 
"^l Progressing from the normal to the « altered' rta^e are 

enormous. Such profiling essentially provides a 'fingerprint' of each step o a 
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cdl s developmoit or response and should help in the elucidation of specific and 
sensitive biomarken representing, for example, different types of cancer or pre^^ 
exposure to certain classes of chemicals that are enzyme inducers : ^ 

tK. "^r? ™!f ^enobioticmetaboHzi,^ enzymes <iiicludir« 

the wdl-character^d Bofonns of cytochrome P450) are mdud^ by drugs aid 
chemicals, in man= (Pelkonen et al. 1 998), predominantly involving tr^cription^ 

nZn^^i ^f'"^ ^T""'^^ Phenomenon of induaioa Accordingly, the 
-developmeit of methodology to identify and assess the full complement of Les 
that are either up- or down-jegulated by inducer, are cnicial in the developmert Tf 
knowledge to-understand the precise molecular mechanisms of enzyme i^du^cSi 

^^^'^^^ ^ field . of . h^caSnd^S 
r. ? r ; '^'"u"^ "'^^^^^^^ mostf adverse reactions.^ 

drugs and chemicals are the result of multiple gene regulation, some of wh^d^aJe 
causal and some of which are casually-related. to the toxicologi^al phenomrnm S 

led to an upsurge in interest in gene^rofiWteSnobS 
which differentiate between the,controI and toxin-treated gene pook ^^l^^^^^ 

"duc^dt^S^^ 

^nt ll. vTn^o °^ toxm-dependent gene regulation in target tissues is 

not solely an academic pursuit as.much interest has- been generated in^e 
pharmaceutic! industiy to harness this technology in the early identification of toxic 
dnig candidates,.thereby shortening the developmental process and^o^buS 
substantially to the safety assessment of new drugs. For .exLple if th/g^Tp^^^^ 
m respon^to say a testicular toxin that has been well-characterized hJ^coMhl 

in^T : representative of Tnrdrug 

candidates which act via this specific molecular mechanism of toxicity thereby 

XrStVolt b^'fo '"^^^^ ^^r^* r '^''y ^™ °f such^o^S^t' 
Whereas it would be informative to know the identity and functionaHty of all genes 

up/down regulated by such toxicants, this would appear a longer term. god 

majonty of human -genes". have not yet been sequenced, far. lesi the ^uncti^na^ 

deteimined. However :the current use of gene profiling yields a /,arr^ of 

change for a xenobiotic of unknown toxicity whi^ 

characterized toxins, thus alerting the toxicologist to possible m vivo shnUarities 
between the unknot and the standard, thereby providing a plat^To ^^e 
extensive toxicological examination. Such approaches ^e beginn^ toX 
wTn?' '^' ''^'"^ biotechnology companies are commerdally^roduci^ 
xSobiotiL ThUT- ''^'JJ"'^ interrogated for toxicity ass^sment^f 

xenobiotics These chips consist of hundreds/thousands of genes, some of which are 
degenerate in the sense that not all of the genes are mechanisticairrehtrd tf^^^ 
one toxicological phenomenon Whereas these chips are useful in broad-speai^ 
screenmg. they are maturing at a substantial rate, in that gene arrays are 
becoming more speafic. e.g. chips for the identification of changes in growth faa^ 
n^^it' '° development of chemiLllHnS 

Although documenting and explaining these genetic changes presents a 
formidable obstacle to understanding the different mechanisms of developmentld 
disease progression, the technology is now available to begin attempting this difficult 
challenge^ Indeed several 'differential expression analysis' meS have been 
developed which facilitate the identification of gene produce that dJ^™ 
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altered expression in ceils of one population compared to mother.' These methods 
have been used to identify differential gene expression in many situations, including 
mvadmg pathogenic microbes (Zhao et al 1 998). in cells responding to eiracellula? 
and mtracellular microbial mvasion (Diiguid and Dinauer 1990, Raeno ** al 1997 
MaldareUi et al. 1998). in chemically treated cells (Syed it al. 1997. Rocket; et al 
1999). neoplastic cells (Liang et al. 1992. Chang and . Terzaghi-Howe 1998)' 

TVo^i ^ 1^96). differentiated cells (Kara e 

al 1991. Guimaraes et al. 1995a. b). and different ceU types (DaVis et al 1984 

Hedrick et al. 1984. Xhu et al 199g) Ahhn.,ah i- i • ' 

, , , . ,. , , i^yej. Anhough differential expression analysis 

technologies are applicable to a broad range of models, perhaps their most imporun 
advantage is that, in most cases, absolutely no prior knowledge of the specific genes 
which are up- or down-regulated is required. 

The field of differencial expression analysis': is' a large and complex one. with 
many techniques available to the potential user. These can be categorized into 
several methodological approaches, including :- b iio 

(1) Differential screening, 

(2) Subtractive hybridization (SH) (includes methods such as chemical cross- 
Imkmg subtraction-CCLS. suppression-PCR' 'subtractive hybridization- 
is i>H, and representational difference analysis— R DA) 

(3) Differential display (DD), . • 

Ititn '^"^"^'""'^-^^^^^^d -alysis (including serial analysis of gene 
expression-SAGE-and gene expression fingerprinting-GEF) 

(5) Gene expression arrays, and 

(6) Expressed sequence tag (EST) analysis. ... 

The above approaches have been used successfully to isolate differentially 

sTl'L '"""'"^ ^^"^"'^^ -"hod has its own 

subtle (and sometimes not so subtle) characteristics which incur various advantages 

and disadvantages. Accordingly, it is the purpose of this review to clarify fhl 
mechanistic principles underlying the main differential expression methods and to 
highhght some of the broader considerations and imjilications of this very powerfu^ 
and mcreasingly popular technique. Specifically, we will concentrate on the so- 
called open systems namely those which do. not require any knowledge of gene 
sequences and. therefore, are useful for isolating unknown genes. Two 'closed' 

e sequences), EST analysis and the 
use of DNA arrays, will also be considered briefly for completeness. Whilst 
emphasis will often be placed on suppression PGR subtractive hybridization (SSH 
the approach employed m this laboratory), it is the aim of the authors to highlight' 
wherever possible, those areas of common interest to those who use. or intend to use" 
differential gene expression analysis. use, 



Differential cDNA library screening (DS) 

Despite the development of multiple technological advances which have recently 
brought the field of gene expression profiling to the forefront of molecular analysis 
recognition of the importance of differential gene expression and characterization of 
differentially expressed genes has existed for many years. One of the original 

DZt9m%V: f '""^"^^^ 20 years ago by St John and 

Davis (1979). These authors developed a method, termed 'differential plaque filter 
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'liybridization *, Whicl) i^eas used to isola'te galattose-irfducible I3NA sequeri 
•ye^st The Aeory is simple: a genomic DNA library is prepared from normal, 
unstimulated cells of the test organism/tissue and multiple filter replicas are 
■preparedi These rephca blots are probed' with radioactively (of otherwise) hbeUed 
^omplex cDN A probes prepared from the control and test ceU mRNA ^populations 
Thdse mRNAs which are- difl^^ ceU pdpulation wili 

show a positive signal only on the filter probed ^with cDNA from the" treated cells 
^Furthermore, libelled cDNA from different test tohditions- can' bfe "used to probe 
multiple blote, thereby enabling the identification of mRNAs which are only up- 
regulated'under certain conditions. For example. St John and Davis (1979) screened 
replica filters with acetate-; glucose- and galactose-derived probes in order td obtain 
genes induced^specifically by galactose ni«abolism. Althbughg^uhdbreakihg in its 
time this' method is now considered insensitive and time-consuming, as up to'2 
mohths are required to complete the identification of genes which are differentially 
expressed m the test population. In addition. there is no cohvenient^way to chebk 
that the procedure has worked until the whole process has-been completed. ■ ' 
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Subtractive Hybridization (SH) . ' ; . _ 

The developing concept of differential gene expression and the success of early 
approaches such as that described by St John and Davis (1979) soon gave rise to a 
search for more convenient methods of analysis. One of the first to be developed was 
SH. numerous variations of which have since been repbrted (see'below). In eeneral 
thisapproach involve^s hybridization of mRNA/cDNA'fro^^ 

/f ^"^ by separation of 'the 

unhybridized tester fraction (differentially expressed) from thehybridized common 
sequences: This step has been achieved physically, chemically and through the use 
of selective polymerase chain reaction (PGR) techniques. • - 



Physical separation 

y^^r^ T^"^^"^^ hybridization technology involved the physical separation 
of hybridized common species from unique single stranded species. Several methods 
of achievmg th^^s have been described, including hydroxyapatite chromatography 
(Sargent and Daw.d 1983), avidin-biotin technology (Duguid and Dinauer 1990) 
and ohgodT-latex separation (Kara et al. 1991). In the first approach, common 
mRNA species are removed by cDNA (from test celIs)-mRNA (from control cells) 
subtractive hybridization followed by hydroxyapatite chromatography, as hydroxy- 
apatite specifically adsorbs the cDNA-mRNA hybrids. The unabsorbed cDNA is 
then used either for the construction of a cDNA library of differentially expressed 
genes (Sargent and Dawid 1983. Schneider et al. 1988) or directly as a probe to 
1 Qo.? ^ preselected library (Zimmerman et al. 1980, Davis et al. 1984, Hedrick etal 
1984). A schematic diagram of the procedure is shown in figure 1 

Less rigorous physical separation procedures coupled with sensitivity enhancing 
PGR steps were later developed as a means to overcome some of the problems 
M QoTJ" .T'i hydroxyapatite procedure. For example. Daguid and Dinauer 
(1990) described a method of subtraction utilizing biotin-affinity systems as a means 
to remove hybridized common sequences. In this process, both the control and 
tester mRNA populations are first converted to cDN A and an adaptor ( ' oligovector ' 
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Figure 1. The hydroxyapatite method of subtractive hybridization. cDNA derived from the 
treated /altered (tester) population is mixed with a large excess of mRNA from the control (driver) 
population, following hybndization. mRNA-cDNA hybrids are removed by hydroxyapatite 
chromatography. The only cDNAs which remain are those which are diflTeremially expressed in 
the treated/altered population. In order to facilitate the recovery of full length clones, small cDNA 
fragments are removed by exclusion chromatography. The remaining cDNAs are then cloned into 

Lid DYwid^VwaT*""**' " ""'^ ''"'"'^ " ^ " by Sargent 

containing a restriction site) ligated to both sides. Both populations are then 
amplified by PGR, but the driver cDNA population is subsequently digested with 
the adaptor-containing restriction endonuclease. This serves to cleave the oligo- 
vector and reduce the amplification potential of the control population. The digested 
control population is then biotinylated and an excess mixed with tester cDNA. 
Following denaturation and hybridization, the mix is applied to a biocytin column 
(streptavidin may also be used) to remove the control population, including 
heteroduplexes formed by annealing of common sequences from the tester 
population. The procedure is repeated several times following the addition of fresh 
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Figure 2. The use of oligodTgy latex to perform subtractivc hybridization. mRNA extracted from the 
control (driver) population is converted to anchored cDNA using polydT oligonucleotides 
attached to latex beads. mRNA from the treated/altered (tester) population is repeatedly 
hybridized against an excess of the anchored driver cDNA. The final population of mRNA is 
tester specific and can be converted into cDNA for cloning and other downstream applications, as 
described by Hara et cL (1991). 
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control cDNA. In orddr to further ienrich-.those species differentially expressed in 
the tester cDNA, the subtracted tester population is ampUfied by PCR foUowinc 
every second-subtractioii.cycle. After six cycles of subtraction (three reainplification 
steps) the reaction mix is ligated into a vector for further analysis. 

In a slightly different approach, Hara et a/. (1991) utUized a method whereby 
ohgo(dT3„) primers attached to a latex substrate are used to first capture mRNA 
extracted from the control population. Following 1st strand. cDNA synthesis, the 
RNA strand of the heteroduplexes is removed by heat' denaturation and centri- 
fugation tthe cpNA.oligotex-dT3„ forms a pellet and the supernatant is removed) 
A quantify of tester mRNA is then repea.tedly hybridized tothe immobilized control 
(driver) cDNA (which is present in 20-fold excess). After'^severai rounds of 
hybridization the only mRNA molecules left in the tester mRNA population are 
those which-are not found in the driver cDNA,oligqtex-dT3o -population. These 
tester-specific mRNA species are then converted to cDNA and. following the 
addition of adaptor sequences, "amplified by PCR. The PCR products are then 
hgated mto a vector for further analysis using restriction sites incorporated into the 
PCR primers. A schematic illustration of this subtraction process is shown in figure 

However, all these methods utilising physical separation have been described as 
inefficient due to the requirement for large starting amounts of mRNA. significant 
loss of material durmg the separation process and a need for several rounds of 
hybridization Hence, new methods of diflFerential expression analysis have recently 
been designed to eliminate these problems. 

Chemical Cross-Linking Subtraction (CCLS) ' 

In this technique, originally described by Hampson et al. (1992). driver mRNA 
IS mixed with tester cDNA (1st strand only) in a ratio of > 20:1. The common 
sequences form cDNA:mRNA hybrids, leaving the tester specific species as single 
stranded cDNA. Instead of physic^ly separating these hybrids, they are inactivated 
chemically using 2,5 diaziridinyl-l .4-benzoquinone (DZQ). Labelled probes are 
^xT?" T remaining single stranded cDNA species (unreacted 

are hot converted into probe material due 
to specificity of Sequenase T7 DNA polymerase used to make the probe) and used 
to screen a cDNA library made from the tester cell population. A schematic diagram 
of the system is shown in figure 3 . 

It has been shown that the differentially expressed sequences can be enriched at 
least 300-fold with one round of subtraction (Hampson et al. 1992). and that the 
techmque should allow isolation of cDNAs derived from transcripts that are present 
at less than 50 copies per cell. This equates to genes at the low end of intermediate 
abundance (see table 1). The main advantages of the CCLS approach are that it is 
rapid, technically simple and also produces fewer false positives than other 
differential expression analysis methods. However, like the physical separation 
protocols, a major drawback with CCLS is the large amount of starting material 
required (at least 10 /ig RNA). Consequently, the technique has recently been 
refined so that a renewable source of RNA can be generated. The degenerate random 
ohgonucleotide primed (DROP) adaptation (Hampson et al. 1996, Hampson and 
Hampson 1997) uses random hexanucleotide sequences to prime solid phase- 
synthesized cDNA. Since each primer includes a T7 polymerase promotor sequence 
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Table 1. The abundance of mRNA species and classes in a typical mammalian cell. 
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at the 5 'end. the final pool of random cDNA fragments is a PCR-renewable cDNA 
population which is representative of the exjpressed^gene pool and can be used to 
synthesize sense RNA for use>s driver material. Furthermore, if the final pool of 
random cDNA fragments is reamplified using biotinylated T7 primer and random 
hexamer, the product can be 'captured with streptavidin beads and the antisense 
s^and eluted for use as tester? Sihqt both target and driver can be generated from 
the same DROP product, subtraction cart be performed in both directions (i e for 
up- and down-regulated species)>etween two different DROP products. 

Representational D^erence Analysis (.RD A) 

• °^ f (Hubank'and Sch.tz 1994)^an extension of the technique 

originally apphed to genomic! DNA as a means identifying differences between 
two complex genomes (Lisitsyn al. 1993). It is a process of subtraction and 
amplification mvolvmg subtr^ctive hybridization of the tester in the presence of 
excess driver. Sequences in the tester that have homologues in the driver are 
rendered unamplifiable whereas those genes expressed only in the tester retain the 
ability to be amplified by PGR. The procedure is shown schematically in figure 4 
In essence.the driver and tester mRNA populations are first converted to cDNA 
and amplified by PGR following the ligation of an adaptor: The adaptors are then 
removed from both populatibns and a ne^y , (different) adaptdr ligated to the 
amplified tester population only. Driver and tester populations are next melted and 
hybndized together in^a ratio of 100:1. Following hybridization, only tester : tester 
homohybrids have 5 .adaptors at each end of the DNA duplex and ckn. thu^. be filled 
in at both 3 ends^Hence, only these molecules are amplified exponentially during 
the subsequent PGR step. Although tester . driver heterohybrids are present they 
only amplify m a linear fashion, since the strand derived from the driver has no 
adaptor to which the . primer • can bind. Driver: driver heterohybrids have ko 
adaptors and, therefore, are not amplified. Single stranded molecules are digested 
with mung bean nuclease before a further PGR-enrichment of ihe tester: tester 
homohybrids. The adaptors on the amplified tester population are then replaced and 
the whole process repeated a further two or three times using an increasing excess of 
driver (Hubank and: Shatz used a tester : driver ratio of 1:400 1-80000 and 
1:800000 for the second, third and fourth hybridizations, respectively). Different 
adaptors are ligated to the tester between successive rounds of hybridization and 
amplification to prevent the accumulation of PGR products that might interfere with 
subsequent amplifications. The final display is a series of differentially expressed 
gene products easily observable on an ethidium bromide gel. 

The main advantages of RDA are that it offers a reproducible and sensitive 
approach to the analysis of differentially expressed genes. Hubank and Schatz (1 994) 
reported that they were able to isolate genes that were differentially expressed in 
substantially less than 1 % of the cells from which the tester is derived. Perhaps the 
mam drawback is that multiple rounds of ligation, hybridization, amplifiation and 
digestion are required. The procedure is, therefore, lengthier than many other 
differential display approaches and provides more opportunity for operator-induced 
error to occur. Although the generation of false positives has been noted this has 
been solved to some degree by O'Neill and Sinclair (1 997) through the use of HPLG- 

adaptors which appear to be a 
major source of the false positive bands. A very similar technique to RDA. termed 
linker capture subtraction (LGS) was described by Yang and Sytowski (1996). 
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Figure 4. The representational difTerence analysis (RDA) technique. Driver and tester cDNA ,r, 
digested with a 4.cutter restriction enzyme such as DpnU The 1" set of ^o h^^A ? 
(oligonucleotides) are ligated to each other and 5,7 dlgestld cDNA Idu^u The l^r""*' 
subsequently melted away and the 3'ends fiUed in using Taq DNA po lym^^^^^^ 
population IS then amplified using PCR. foUowinR which the of • 

amphfied are those which are testerrtester combinations. Following PCR ssDNa Su^^^ 
removed with mung bean nuclease, leaving the 'first different n^^.f^' TK -j '^ 1" 
third set of 12/24 adaptors added before ^Latinr^.! u P""*"" • Jhis is digested and a 
stage. The process b repeated to Sie s" or 4"^iffi' P«>"« fro" the hybridization 

(1 993) and Hubank andTchau (1 994). " ^isitsyn et al. 
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Suppression PC R Subiraciive Hybridizaiion '(SSHf "^ -^' ' ' ' - > v <: 

r*^!*.^ ""^.^ recent adaptation of the SH approach to diff^reritial kxpVeWion 
analysis was first described by Diatchenko et fl/. (1996) and Giii-^kaya et'at'^9m 
They reported that a 1000-5000 fold enrichment of rare cDNAs (equivalent to 
isolating mRNAs present at only a few top 

need for multiple hybridizations/subt^actio of physical- di^ chemical 

removal of the common' sequences, a PCR-based suppression system is used (see 
.■figures "5).; ' ■'■ --• ^••.-..•i. c. 0:. . ^'-'v 

■ / In SSH; excess driver cDNA is added to two portions of the tester cDN A which 
have been ligated with different ■adaptors-'A firk round of ri^^ 
enrich differentially expressed genes anl Equalize rare'and ibiindint ni'essage^ 
Equalization occurs smce reannealing is more rapid for abundant mblecules thah for 
. *° *e second order kinetics of hybridisation (James and Hig^iAs 

1 985). The two primary hybridizatibn mixes are thien mixed together iri theVPesence 

of excess driver and allowed t6 hybridize further /This ^tepperinitk-th^ailne^^^^^ 
single stranded. complementary sequences which did not hybridize in 'th^ priihai^ 
hybridization, and in doing so generates templates for PGR amplificati6h. Although 
there are several possible Combinations bf the siiigle stranded nioleetilek pr^senf ih 
•the secondary hybridization mix, oiily one. particular coinbinatioh (difffefentially 
expressed m. the tester cDNA composed of compliriientary' strands having differtht 
adaptors) can amplify exponentially. - .l , . .vr. 

r the final differential display, two options are available if cloning 

of cDNAs IS desired. One is to transform the whble of the final PGR reaction into 
competent cells. Transformed colonies can then be isolated and their inserts 
characterized by sequencing, restriction analysis or PGR. Alterhatively the final 
PGR products can be resolved on a gel and the individual bands excised, reamplified 
and cloned The first approach is, technically simpler and less time consuming 
However, ligation/transformation reactions are known ,to be . biased towards the 
clonmg of smaller molecules, and so the final population of clones will probably not 
contam a representative selection of the larger products. In addition, although 
equalization theoretically occurs,. observations in this laboratory suggest that this is 
by no means perfectly accomplished. Gonsequently, some gene species are present 
m a higher number, than others and this will be represented in the final population 
of clones. Thus, m order to obtain a substantial proportion of those gene species that 
actually demonstrate differential expression in the tester population, the number of 
clones that will have to be screened after this step may be substantial. The second 
approach is mitially more time consuming and technically demanding. However it 
would appear to offer better prospects for cloning larger and low abundance gel 
products. In addition, one can incorporate a screening step that differentiates 
different products of different sequences but of the same size (HA-staining see 
later). In this way, a good idea of the final number of clones to be isolated'and 
identified can be achieved. 

An alternative (or even complementary) approach is to use the final differential 
display reaction to screen a cDNA library to isolate full length clones for further 
charaaerization, or a DNA array (see later) to quickly identify known genes. SSH 
has been used in this laboratory to begin characterization of the short-term gene 
expression profiles of enzyme-inducers such as phenobarbital (Rockett ei al 1997) 
and Wy-14,643 (Rockett et al. unpublished observations). The isolation of 
differentially expressed genes in this manner enables the construction of a fingerprint 
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^'^""»!./?'**"'r cDN A subtraction. In the primary hybridization, an excess of driver cDNA is 

n\ tn r^nc ?r ^*>",f """^ P"n>oses : (1 ) to equalize rare and abundant molecules ; and 
(2) to ennch for difTerentiaUy expressed sequences-cDNAs that are not differentiallv exoressed 

Iv^ldStioLr'""'". K*' "T"- ^" '''' """^"y hybridization/r^lV p'rary 
hybndizations are mixed together without denaturing. Fresh denatured driver can also be a7ded 

at this point to allow further enrichment of difTerentiaUy expressed sequences. T^^e e moUcules 
P?R TJe fin? "h""*'"'' hybridization which are subsequently amplified usin^mo bounds of 
PCR. The final products can be visualized on an agarose gel. labelled directly or cloned into a 
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Screen-using standard 
and HA agarose 



Plasmid mini-preps 
of selected clones 



Differentially expressed 
clones selected 



I . * 



Sequencing and 
identification 



Different clones blotted 
and screened with down- 
regulated genes . 



Figure 6. Flow diagram showing method used in this laboratory to isolate and identify clones of genes 
which are difTerentially expressed in rat liver following short term exposure to the enzyme 
inducers, phenobarbital and Wy-14,643. 

of expressed genes which are unique to each compound and time /dose point. Such 
information could be useful in short-term characterization of the toxic potential of 
new compounds by comparing the gene-expression profiles they elicit with those 
produced by known inducers. Figure 6 shows a flow diagram of the method used to 
isolate, verify and clone difTerentially expressed genes, and figure 7 shows expression 
profiles obtained from a typical SSH experiment. Subsequent sub-cloning of the 
individual bands, sequencing and gene data base interrogation reveals many genes 
which are either up- or down-regulated by phenobarbital in the rat (tables 2 and 3). 

One of the advantages in using the SSH approach is that no prior knowledge is 
required of which specific genes are up/down-regulated subsequent to xenobiotic 
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r. 



diflFcrential displays usinrthe PCR^Selcct cD^^^^^ ''T T.? 



exposure, and an almost complete complement of genes are obtained. For example 
the peroxisome proliferator and non-genotoxic hepatocarcinogen Wy.l4 643 up-' 
regulates at least 28 genes and down-regulates at least 15 in the rat a sensitive 
species) and produces 48 up- and 37 down-regulated genes in the guinea p g a 
resistant speces (Rockett. Swales. Esda and Gibson, unpublished observarions) 
One of these genes. CDSl. was up-regulated in the rat and down-reXedTthe 
gumea p.g following Wy.14.643 treatment. CD 81 (alternatively named TAPA 1 i 
a widely expressed cell surface protein which is involved in a large number of cellu a 

a iTm Sil 7 f?.""?' "V-^-' proliferation and differentiation (Levy " 
al. 1998). Since all of these functions are altered to some extent in the phenomena 
of hepatomegaly and non-genotoxic hepatocarcinogenesis. it is intrigu ng and 
probably mechanistically-relevant, that CD81 expression is differentially regulated 
m a resistant and susceptible species. However, the down-side of this approach is 
hat he majority of genes can be sequenced and matched to database sequences bu 
he latter are predominantly expressed sequence tags or genes of comp LeW 
unknown function, thus partially obscuring a realistic overall assessment of the 
critical genes of genuine biological interest. Notwithstanding the lack of complete 
funtiona identification of altered gene expression, such gene profiling sTud e 
essen«ally provides a 'molecular fingerprint' in response to xenobiotic chal enTe 
nvlltigatirs'"' " ' -echanistically-relevant platform for further detailed 



Differential Display (DD) 

^ndV.ld^V9Tr^"'^ u^^"" fingerprinting by arbitrarily primed PGR ' (Liang 
and Pardee 1992) this method is now more commonly referred to as 'differential 
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Table 2. Genes up-regulatcd in rat liver foDowing 3-day exposure to phenobarbital. 



Band ^number 
(approximate 
size in bp) = 



Highest sequence . . 
similaritv, . . ; 



. 1 



, :FASTA-EMBL, gene identtf mrion - • . 




5.(1300) 
ftiOOO) 



8 (950) 
10 (850) 
11(800) 

-'Mi ' ; ... 
12,(750) 



93.5% 
95.1% 



, 98.3»/o 
: 95:7% 
Clone ! 94.9.% 
Clone.2 75.3 % 
93.8% 



15 (600) 

16 (55) 
21' (350) 



92;9% 



I > 



Clone 1 95.2% 
Clone 2 93.6% 
'99:3% 



CYP2B1 

Preptoalbumin ; • 
Serum lalbumin mRNA 
NCI-CGAP-Prl.ff. sapiens (tST) 

CYP2B1 

CYP2B1- i' . 
CYP2B2 ' 
TRPM.2 mRNA . ' ' 
Sulfated glycoprotein^ ' ^ 
Preproalbumin> ^ v ; \ ; , 
Serum albumin mRNA 
CYP2Bi • ■ . ' 

Haptoglobulin mRNA paxtiar'alpha 
18S; 5.8S & 28S:rRNa 



"1 v 



1 ' 



Bands 6, 9, 13. 14. and 1.7-20 are shown to be false positives by dot blot anaylsis and. ^therefore 
are not sequenced. Derived from Rocken et ^. (1997).. It should be noted that the above genes. do ,noi 
represent the complete spectrum of genes which are up-regulated.in rat/ liver by phenobarbital but 
smiply represents the genes sequenced and identified to date. ' 

Table 3. Genes down-reguhted in rat liver following 3.day exposure to phenobarbital. 



Band number 
(approximate 
size in bp) 



Highest sequence ' 
similarity 



1 (1500) 

2 (1200) 

3 (1000) 
7 (700) . 



8 (650) 

9 (600) 

10 (550) 

11 (525) 

12 (375) 

13 (23) 



14 (170) 

15 (140) 
Others: (300) 

(275) 



Clone 1 
Clone 2 
Clone 3 
Clone 1 
Clone 2 
Clone 1 
Clone 2 



Clone 1 
Clone 2 
Clone 3 



95.3% 
92.3% 
91.7% 
.77:2% 
94.5% 
91:0% 
86.9% 
96,2% 
86.9% 
82.0% 
73.8% 
95.7% 
100.0% 
97.2% 
100.0% 
100.0% 
96.0% 
97.3% 
96.7% 
93.1% 



FASTA-EMBL gene identification 

3-oxoacyl-CoA thiolase 
Hemopoxin mRNA ' " 
Alpha-2u-globulin mRNA ,^ - , . - ; 
M.mi/scu/iif CI inhibitor 
Electron transfer flavoprotiein 
M/muscuius Topoisomerase 1 (Topo 1), 
Soares 2NbMT M. muscidus (EST) 
:Alpha-2u-globulin (s<ype) mRNA 
Soares mouse NML M. musculus (EST) 
Soares p3NMF 19.5 M. musculus (EST) 
Soares mouse NML M. musculus (EST) 
NCl-CGAP-Prl H. sapiens (EST) 
Ribosomal protein 

Soares mouse embryo NbME135 (EST) 
Fibrinogen B-beta-chain 
Apolipoprotein E gene 
Soares p3NMFl9.5 M. musculus (EST) 
Stratagene mouse testis (EST) 
R. norvegicus RASP 1 mRNA 
Soares mouse mammary gland (EST) 



EST = Expressed sequence tag Bands 4-6 were shown to be false positives by dot blot analysis and 
dierefore, were not sequenced. Derived from Rocken« al. (1997). Itshould be noted that the above genes 
do not represent the complete spectrum of genes which are down-regulated in rat liver by phenobarbital 
but simiply represents the genes sequenced and identified to date. 



display' (DD). In this method, all the mRNA species in the control and treated cell 
populations are amplified in separate reactions using reverse transcriptase-PCR 
(RT-PCR). The products are then run side-by-side on sequencing gels. Those 
bands which are present in one display only, or which are much more intense in one 
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display compared to the other, are differentially expressed, and may be recovered for 
furtherrjaraaenzat^on. One advantage of this system is thespeed withSt 
be earned out-2 days to obtain a display and as little as a week to makeand idenSfy 



,^ Two cpmmonly used, variations a« 
rey,ejsetranscr,apnpn^tep (figure 

at^the 3'.end. e.g. S',(dT„)CA .r (Liang and Pardee, 1992): Alternatively an 
arbitrary pnmer ma^^ 1,, strand cDNA ^synthesis (Welsh et «/. 1992) 

?nmed).PCR.pr»e^^dvantage.of this second approach is tha^ 

^^rrved frpm.ny^here.m the RNA, includingppen readingirames. In additioj it 
?w A M rf^^ " ■ " P°ly^deny,lated. such as many bacterial mRNAs 
(Wong and McClelland 1994). In both cases. following reverse transcriptToran^^ 
denaturation, second strand ,DNA synthesis is carr^ 

(arl^trary pnmers have a smgle base at each , position., as . compared \o!S 
'tH f °^ ^" bases at each position) /Olhe resulti^ 

PQR thus produces a series of products which, depending on the system (prime? 
length and composnion polymerase and gel system),; usually! includes 50-100 
products per pnmer set (Band and Sager 1989). When a combination otdifferent 
dT-anchors and arbitrary pnmers are used. almost all mRNA species from a cell can 
be a^phfied. When the cDNA products from two differentpopulationZ an" y e" 
SKie by side on a polyacrylamide gel. differences in expression can be identified and 
the appropriate bands recovered, for. cloning and further analysis. " ^ " ' 
^ Although DD IS perhaps the most popular approach used today for identifyinB 
differentially expressed genes, it does suffer from several perceived disadvantages: 

1995) although this has been disputed (Wan etal. 1996) and the isolation of verv 
1^1995^) "" ''^'''''^ ^" circumstances (Guimeraes et 

lt fZ\"' "P""^"^ ^"'^""^ 3' end of the mRNA 

often the 3 -untranslated region), although this may not always be the case 
(Guimeraes et aL 1995a). Since the 3'end is often not included in Genbank and 
shows variation between organisms. cDNAs identified by DD cannot always be 
matched with their genes, even if they have been identified 
(3) The pattern of differential expression seen on the display often cannot be 

(Sunet al. 1994). Some adaptations have been shown to reduce false positives 
mcludmg the use of two reverse transcriptases (Sung and Denman 1997)' 
comparison of umnduced and induced cells over a time course (Burn et al \994\ 
and comparison of DDPCR-products from two uninduced and two induced 
mes Sompayrac a/. 1995). The latter authors also reported that the use of 
cytoplasmic RNA rather then total RNA reduces false positives arising from 
nuclear RNA that is not transported to the cytoplasm. 

Further details of the background, strengths and weaknesses of the DD 
technique can be obtained from a review by McClelland et al. (1996) and from 
artidesbyLiangeia/. (1995) and Wane/ a/. (1996) 
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mRNA 



(dJii)GA: , AC 



AAAAAAAA ' 

Arbitrary primer: 



t . ■ 



■i • M 




^ J, • 



1 1 * 



1««strahdcDNA • 

'4''- AC 



t ; , . 



1*< Strand cDNA 
. ^4— 



■tJGAAAAAAA 



'AAAAAAA* 



Denature and synthesise 2"^ strand 
with any arbitrary primer ( . ) 



< J, 



'2«^ strand cDNA 



-AC 



2»). strand cDNA 
-— ► 



cDNA can now be anriplified by PGR using original p - 

Figure 8. Two approaches to differential display (DD) analysis. 1" strand synthesis can be carried out 
eidier widi a polydT,, NN primer (where N = G , C or A) or with an arbitrary priiner. The use of 
d^erent combinaoons of G, C and A to anchor the first strand polydT primer enables the priming 
of the majonty of polyadenylated mRNAs. Arbitrary primers may hybridize at none, one or more 
places along the length of the mRNA, allowing 1" strand cDNA synthesis to occur at none one 
or more pomu m the same gene. In both cases, 2~' strand synthesis is carried out with an arbiirary 
pnmer. Since these arbitrary primers for the 2"' strand mav also hybridize to the 1 " strand cDNA 
in a number of different places, several different 2"^ strand products mav be obtained from one 
bmding pomt of the l" strand primer. Following 2«' strand synthesis, the original set of primers 
is used to amplify the second strand products, with the result that numerous gene sequences are 
amplified. 



Restriction endonuclease-facilitated analysis of gene expression 

Serial Analysis of Gene Expression (SAGE) 

A more recent development in the field of differential display is SAGE analysis 
(Velculescu et a/. 1995). This method uses a different approach to those discussed so 
far and is based on two principles. Firstly, in more than 95% of cases, short 
nucleotide sequences ('tags') of only nine or 10 base pairs provide sufficient 
information to identify their gene of origin. Secondly, concatenation (linking 
together in a series) of these tags allows sequencing of multiple cDNAs within a 
single clone. Figure 9 shows a schematic representation of the SAGE process. In this 
procedure, double stranded cDNA from the test cells is synthesized with a 
biotinylated polydT primer. Following digestion with a commonly cutting (4bp 
recognition sequence) restriction enzyme ('anchoring enzyme'), the 3' ends of the 
cDNA population are captured with streptavidin beads. The captured population is 
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split into two aiid differentadaptors ligated to the 5 'ends of each group.. Incorporated 
into the adaptor* is a recognition sequence for a type IIS restriction eiizyme—ohe 
which cuts DNA at i defined distance (< 20 bp)' from its recognition sequence 
Hence;followmg digestion of each captured cDNA population witHt^ 
the adaptors plus a short piece of the baptured cDNA are- released; The 'tW() 
papulations are then ligated and the products amplified. The amplified products are 
cleaved with the original anchoring enzyme, religated (concatomers' are formed in 
the process) and cloned. The advantage of this system is that hundreds'of gene tags 
can be identified by sequencing only a'few clones'. Furthermore'.theriumber of times 
a given- transcript is identified^ is a quantitative measurement of that gene's 
abundance in the original population.' a feature which facilitates' identification of 
differentially expressed genes in different cell p^^ • h -i, 

'Some disadvantages of SAGE analysis include the technical difficulty of the 
method, alarge amount of accurate sequehcingis required, biased towards abundant 
mRNAs.'has not been validated ih the phahnaco/toxicogenomic setting and has 
only been used to examine well known tissue differences to date. 
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Gene Expression Fingerprinting (GEF) . 

A different capture/restriction digest approach for isolating differentially 
expressed genes has been described by Ivanova and Belyavsky (1995). In this 
method, RNA is converted to cDNA using biotinylated oligo(dT) primers. The 
cDNA population is then digested with a specific etidonuclease and captured with 
magnetic streptavidin microbeads to facilitate removal of the unwanted 5' digestion 
products. The use of restricted 3 '-ends alone serves to reduce the complexity of the 
cDNA fragment pool and helps to ensure that each RNA species is represented by 
not more than one restriction product. An adaptor is ligated to facilitate subsequent 
amplification of the captured population. PGR is earned out with one adaptor-" 
specific and one biotinylated polydT primer. The reamplified population is 
recaptured and the non-biotiriylated strands removed by alkaline dissociatioii The 
non-biotinylated strand is then resynthesized using a different adaptor-specific 
primer in the presence of a radiolabelled dNTP. The labelled immobilized 3'cDNA 
ends are next sequentially treated with a series of different restriction endonucleases 
and the products from each digestion analysed by PAGE. The result is a fingerprint 
composed of a number of ladders (equal to the number of sequential digests used) 
By comparing test versus control fingerprints, it is possible to identify differentially 
expressed products which can then be isolated from the gel and cloned. The 

is very robust and reproducible, and the 
authors estimate that 80-193% of cDNA molecules are involved in the final 
fingerprint. The disadvantage is that polyacrylamide gels can rarely resolve more 
than 300-400 bands, which compares poorly to the 1000 or more which are 
estimated to be produced in an average experiment. The use of 2-D gels such as 
those described by Uitterlinden et al. (1989) and Hatada et al. (1991) may help to 
overcome this problem. 

A similar method for displaying restriction endonuclease fragments was later 
described by Prashar and Weissman (1996). However, instead of sequential 
digestion of the immobolized 3'-terminal cDNA fragments, these authors simply 
compared the profiles of the control and treated populations without further 
manipulation. 
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■AAAA 



'AAAA, 

•Tmr 




CATG 
GTAC 



CATCj 
GTAC^ 



I 



Cleave with tagging enzyme (TEy 
and produce blunt ends 



IV* 



AAAA 



i. 





GGATGCATGXXXXXXXXX 
CCTACGT ACXXXXXXXXX 



GGATGCATGOOOOOOOOO 
CCTACGTACOOOOOOOOO 



7E AE 



Tag 



TE AE 



Tag 



I Ligate 



and amplify 




GGATGCATGXXXXXXXXXOOOOCXDOOOCATGCATCC 
CCTACGTAC jOOOQOQOOCOOOOOooo oGTACGTAGG 



OiTag 



I 



AE 



AE 



Cleavre with AE. isolate diTags. 
concatenate, clone and 
sequence 

AE 



— CATGXXXXXXXXXOOOOOOOOOCATG XXXXXXXXXO00OCXX)00CATG— 
— GTACXXXXXXXXXCXX)OOO0O0GTAC XXXXXXXXXOOOOOOOOOGTAC— 



Tag 1 Tag 2 



Tag 3 Tag 4 



f A? anir. r nS/ ^^""^^^ '^^"^ " ^'"^^'^ ^'"^ ''-Coring enzyme 

(AE) and the 3 ends captured using streptavidin beads. The cDNA pool is divided in half and each 

ponion hgated to a drfTerent hnker. each containing a type IIS restr.ction site (tagging enz^? 

XXXXX and 00000 indicate nucleotides of diflTereni tags). The two pools of tags are then 
hgated and amplified usmg hnker-spedfi^ 

the AE and the ditags isolated from the hnkers using PAGE The ditags are then TgS (duHn^ 
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DNA arrays . , 

' «to««r c„did.„ g«es .nd then cnfomA., SS^SSdSS 

, up, or down-f egul.^<^,i„,d,f ttjated compared ,o the control tissue. NomX ^t 
htter process ,s crned out using Northem blotting or RT-PCR. ^ZZ^Aot 
the aforemenfoned steps produce a botdeneck to ti,e ultimate goal of "pw'a^wl 

' ° -TfnrJr'- -'■f """"""i by the develop^m of 

o.«ned^lSA arrays e.g,Gress « .;..19^^^^^ 
,the m^odtjcuon of«,h,chAas signaled the next era in differential g™;„i^' 

ifurdso^tS^SJ,^^^^^^ 

Thev^T^'vl"? I'NA repair, development,.nd:other cZh^rrJc^s"^ 

They areusually chosen toibe asspecific a, possible for each gene and a„tori°pISL 
Human and mous,,arrays are already commerciaIly:a.vailable and ItT^^^T.' 
will construct a personalized arrav to n,H., t. i ~ companies 

po^iatio-^t r ^bX; r/ -r^-r: ^rr ,{^rxr;r: 

appropriate hardware and software arrive ^tr^ -j j anajysec with 

oeeooV^j ff -no soiTware, arrays offer a, rapid and quantitative mean«s to 

assess differences in Bene exnrpccinr. k«.»...„ „ . "■'»""»"vc means to 

111 gcjic expression between two cell DomilntJrtTic Of— t. 

m„lecu.r mechanUms in,oi::ra pl^^:rdisrse;S:X^^^^^ 

r^.rth?e^:^aSoir;ntr:rn7s^„"^ 

svsiem such ■!SH • i , mRNA populations, and an open 

nZZl i Jsolate unknown genes which are differentially expressed 

^ One of the mam advantages of DNA arrays is thehuge number of gene fraZents 

MOOO °" " "-r"""'-'^"" have reported grWdtgTp^ 

60000 spots on a smgle glass 'chip ■.(microscope slide). These high diS ZT 
based micro-arrays will probably become available as mass-produced rAe.l'f,; 

High cosid s::-^-^^^^^^^^^^ 

arrays, the mam problem which remains, especially with the newer^i " 

^^aTH^::^^^^^^^^^^ r; ^--^^^^^^^ 

next few yearl ^'^^^""^ bemg addressed and should be resolved within the 



EST databases as a means to identify differentially expressed genes 

cDNriZries'r" T ^l^'^'^ ^^^'^^ "^"^""^ °f ^=1-" obtained from 
,d.ntffi though most ESTs have no formal identity (putative 

mean fT " ^^'^ '° ^^^^ ^^^^ ^° « "Pid ^nd efficTen 

means of discovenne new pene*; r^^^ j f*" -liiu.cjncieni 

jjcw genes and can be used to eeneratp nrnfii»e 

expression in specific cells. Since they were first describ by AdaTs V ,I,T; 

diere has been a huge explosion in EST production and it is estimatrd thafther. are 

now well over a million such sequences in the public domain, representing ver M 
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of all human genw (HUlkr er.;^..!^^ available 
sequences (both sequence information and donei are normally aviflable royalty-free 
from the originators) has ^enabled the devdbpmenVof a ne^ approach towards 
diflFerential gene expression analysis as dwcribed V Vwinatzis (1998). The 
approach is simple in theory r ES.T.databases are first searched for genes that have a 
number of related EST sequences from the target tissutdf choice, but none or few 
from non-target tissue libraries-Programmes to assist in the assembly of such sets of 
overlappmg data may be developed in-.house or obtained privately or from the 
mternet. For example, the Institute for Genomic llesearch ITIGR. found at 
http://Www t.gr.or^proviaes many software tobls free of chkrge to the scientific 
community. Included^amongst these is the TrGR assemble7(S^^^^^ 1995) a 

tool for the assembly of large sets of overlapping data such as ESTs bacterial 
artificial chromosomes (BAC)s. or small genoiries. Candidate EST clones repre- 
senting different genes are then analysed using RNA blot methods for size and tissue 
specificity and, if required, used as probes to isolate and identify the full length 
cDNA clone for further characterization. In practice however, the method is rather 
more mvolved, requiring bioinformatic and computer analysis coupled with 
confirmatory molecular studies. Vasmatzis et al. (1998) have described several 
problems in this Jedgling approach, such as separating highly 'homologous 
sequences derived from different genes and an overemphasis ofispecificity for some 
EST sequences. However, since these problems will largely be addressed by the 
developnient of more suitable computer algorithms and, an increased completeness 
of the EST database, it is likely that this. approach tO: identifying differentially 
expressed genes may enjoy more patronage in the future. 



Problems and potential of differential expression techniques 
The holistic or single cell approach ? : ; 

When working with in vivo models of differential expression, one of the first 
issues to consider must be the presence of multiple cell types in any givenspecimen. 
For example a hver sample is likely to contain not only hepatocytes, but also 
(potentially) Ito cells, bile ductule cells, endothelial cells, various immune cells (e g 
lymphocytes, macrophages and Kupffer cells) and fibroblasts. Other tissues will 
each have their own distinctive cell populations. Also, in the case of neoplastic tissue 
there are almost always normal, hyperplastic and /or dvsplastic cells present in a 
sample. One must, therefore, be aware that genes obtained from a differential 
display experiment performed on an animal tissue model may not necessarily arise 

* target' cells, e.g. hepatocytes/neoplastic cells. If 

istry, in situ hybridization or 
m «ttt RT-PCR should be used to confirm which cell types are expressing the 
gene(s) of mterest. This problem is probably most acute for those studying the 
differential expression of genes in the development of different cell types where 
there is a need to examine homologous cell populations. The problem is now being 
addressed atthe National Cancer Institute (Bethesda, MD, USA) where new micro- 
disection techniques have been employed to assist in their gene analysis programme 
the Cancer Genome Anatomy Project (CGAP) (For more information see web site' 

http;//Www.ncbi.nlm.nih.gov/ncicgap/intro.html). There are also separation tech- 
niques available that utilise cell-specific antigens as a means to isolate target cells 



. J. C.Rockettttil 



i^VSor u** ^^^^^^ 1998. Kas.Deelen 

a/; 1998) and magnetic bead technology (Richard et al. 1998, Roglir al 19981 

However, those taking a Holistic approach may Consider this iLe unimjiorunt 
Ther. ,s an equally appropriate vie>v that all those genes showing altered ex^ress'^' 
w,thm a compromized tissue should be taken into consideration: After ill. since S 
tissu^ ^hibh 
■regulate each other s growth and develbpment. it is clear that each ceD type could in 
some^ way comnbute (positively or negatively) towards the molecular nTecKanism" 

I ' t nf ""^""'^ ^ stimuli or neoplastic growth. It is perhaps 

then more informative to carry out differential display experiments' usihg ^vivo a 

opposed ^to zn^^ro models, where uniform-populations of identical celk probTbW 
represent a partial skewe^^^ 

occur • t , . , I 1 : 1 1'-* . . ( t ' • . * ... 



■ The incidence and possible implications of iriter-individual biological variation 
. should be considered in any approach where whole animal models are being /seTit 
IS clear that indmduak (humans and animals) respond in different ways' to identic 
■stimuli. One of the best charaaerized examples is the debrisoquL oxidat on 
polymorphism, which is mediated by cytochrome GYP2D 6 and determines the 
pharmacokinetics of many commonly prescribed drugs (Lennard 1993. Meyer and 
Zanger 1997). The reasons for such differences are varied and complex, buLllelic 
varia^ons. regulatory region polymorphisms and even physical and mental health 
can all contribute to observed difference in individual responses. Careful thought 
should, therefore, be given to the specific objectives of the study and to the p3e 
value of poohng startmg material ' (tissue/mRNA). The effect of this cT b 
beneficial through the ironing out of exaggerated responses and unimportant mino 
fluctuations of '(mechanistically) irrelevant genes in individual animal Tu 
providing a clearer overaU picture of the general molecular mechanisms 'of th 
response. However, at the same time such minor variations may be of utmost 
importance-m decdmg the^ability of individual animals to succumb to or resist the 
effects of a given chemical /disease. 



Hew efficient are differential expression techniques at recovering a high percentage of 
differentially expressed genes? ^f^iage oj 

A number of groups have produced experimental data suggesting that mam- 
rnalian cells produce between 8000-15 000 different mRN A species at any one time 
M^ra T3OOOO H 1 81. Hedrick et al. 1984. Bravo 1990). althoug^ures as 
high as 20-30000 have also been quoted (Axel et al. 1976). Hedrick et al (mA) 
provided evidence suggesting that the majority of these belong to the rare abundance 
class. A breakdown of this abundance distribution is shown in table 1 

When the results of differential display experiments have been compared with 
data obtamed previously using other methods, it is apparent that not all differentially 
expressed mRNAs are represented in the final display. In particular, rare message 
(which importantly, often include regulatory proteins) are not easily recovered 
using differential display systems. This is a major shortcoming, as the majority of 
mRNA species exist at levels of less than 0.005 % of the total population (table 1) 
Bertiol. et a . (199 examined the efficiency of DD templates (heterogeneous 
mRNA populations) for recovering rare messages and were unable to detect mRNA 
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species present at less than ! ;2 % of the total mRNA population-equivalent to an 
intennediate or abundant species: Interestingly;.when simple model systems (single 
target.'only) were used instead of a heterogeneous mRNA population^ the same 
primers could detect levels of target mRNA down to 1 0 000 X smaller. These j-esults 
are probably-best explained iby icompetitibn for substrates from the many PGR 
products produced in a. DD reaction J . ^ ■ • .r , . . 

■ . The numbers of difTerentially expressed mRNAs reported in the literature using 
various model systems provides further evidence that many differentially expressed 
mRNAs are not recovered. For example, DeRisi et al. (1997) used DNA array 
technology to examine gene expression in yeast following exhaustion of sugar in the 

^^00 showed a change in expression of at 
least 2-fold. In light of such a finding, it would not be unreasonable to suggest that 
of the 8000-15 000 different mRNA species produced by any given mammalian cell, 
up to 1000 or more may show, altered expression following chemical stimulation. 
Whilst this may be an extreme figure, , it is known that. at least 100 genes are 
activated/upregulated in Jurkat (T-) cells following IL.2 stimulation (UUman et al 
1990). In addition, Wan c« al. (1996) estimated that interferon-r-stimulated HeLa 
cells differentially, express up to 433 genes (assuming 24,000 distinct ; mRNAs 
expressed by, the cells). However, there have been few publications documenting 
anywhere near the recovery of these numbers. For example. in using DD to compare 
normal and regenerating mouse liver, Bauer et al. (1993) found only 70 of 38000 
total bands to be different..Of these. 50% (35 genes) were shown to correspond to 
differentially expressed bands. Chen et al. (1996) reported. 10 genes. upregulated in 
female rat liver following ethinyl estradiol treatment. McKenzie and Drake (1997) 
identified 14 different gene products whose expression was altered by phorbol 
myristate acetate (PMA, a tumour promoter agent) stimulation of a human 
myelomonocytic ceU line. Kilty and Vickers (1997) identified 10 different gene 
products whose expression was upregulated in the peripheral blood leukocytes of 
allergic disease sufferers.. Linskens o/. (1995) found 23 genes differentially 
expressed between young and senescent fibroblasts. Techniques other than DD 
have also provided an apparent paucity of differentially expressed genes Using SH 
for example. Cao et al. (1997) found 15 genes differentially expressed in colorectal 
cancer compared to normal mucosal epithelium. Fitzpatrick et al. (1995) isolated 17 
genes upregulated in rat liver following treatment with the peroxisome proliferator 
clofibrate; Philips et al. (1990) isolated 12 cDNA clones which were upregulated in' 
highly metastatic mammary adenocarcinoma cell lines compared to poorly meta- 
static ones. Prashar and Weissman (1996) used 3' restriction fragment analysis and 
identified approximately 40 genes showing altered expression within 4 h of 
activation of Jurkat T-cells. Groenink and Leegwater (1996) analysed 27 gene 
fragments isolated using SSH of delayed early response phase of liver regeneration 
and found only 12 to be upregulated. 

In the laboratory. SSH was used to isolate up to 70 candidate genes which appear 
to show altered expression in guinea pig liver following short-term treatment with 
the peroxisome prohferator. WY-14,643 (Rockett. Swales, Esdaile and Gibson 
unpublished observations). However, these findings have still to be confirmed by 
analysis of the extracted tissue mRNA for differential expression of these sequences 
Whilst the latest differential display technologies are purported to include design 
and experimental modifications to overcome this lack of efficiency (in both the total 
number of differentially expressed genes recovered and the percentage that are true 
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•positives), it is still not clear if such adaptations are practically effective-tproving 
' efficiency by spiking with a known amount of limited numbers; of . artificial 
^cbnstruct(s) is one thing, but isolating a high percentage of the rare messages^lready 
present in an niRNA population is another: Of course, soine models wiU'genumely 
^produce orily a snaall number of differentially expressed:genes. Inadditipn, there are 
also technical problems that can reduce.efficiency. For example, niRN As may have 
an uriusiiarprimary structure that effectively prevents their amplification by PCR- 
based systems". In addition,' it is known that under certaim circumstances hot:aU 
'mRNAs have S'polyA sites. For example, during Xenopus development, deadenyl- 
ation is . used as, a means to stabilize RNAs (Voeltz and Steitz .1998), whilst 
preferential d^adenylatioi> may play„a role in regulating Hsp 70 rperhWps, 
therefpre, other stress protein) expression in Drojop/izVo (Delia valle ei al. lSi94). "the 
presence of deadenylated ,mRl^ As would clearly reduce the efficiency of systems 
utilizing a polydT, reverse transcription step., The ;effi.ciency of aiiy system also 
depends on the quality qf the starting materiai. All" differential display techm 
use mRNA as their. target material. However^ it is/d'ifficu^ mRNA that is 

completely free of ribosomal RNA." Even iif' polydT' primers are lised tb prime.first 
strand cDNA synthesis, ribosomal RNA is. often transcribed .io some degree 
(Clontech PCR-Select cDNA Subtrlaction kit liser manual). It has been shown, at 
least in the case of SSH, that a high rRN A .mRNA ratio can lead to inefficient 
subtractive hybridization. (Clontech PCR-Select' cDNA Subtraction kit user 
manual), and there is no reason to suppose that it will not do likewise in other SH 
approaches. Finally, those techniques that utilise a presubtraction amplification step 
(e.g. RDA) may present a skewed representation since some sequences amplify 
better than others. , 

Of course, probably the most important consideration is the temporal factor. It 
is clear that any given differential display experiment can only interrogate a cell at 
one point in time. It may well be that a high percentage of the genes showing. altered 
expression at that timie are' obtained. However, given that disease processes and 
responses to environmental stimuli involve dynamic cascades of signalling, 
regulation, production and action, it is clear that all those genes which are switched 
on/off at different times will not be recovered and, therefore, vital information may 
well be missed. It is, therefore, imperative to obtain as much information about the 
model system beforehand as possible, from which a strategy can be derived for 
targeting specific time points or events that are of particular interest to the 
investigator. One way of getting round this problem of single time point analysis is 
to conduct the experiment over a suitable time course which, of course, adds 
substantially to the amount of work involved. 



How sensitive are differential expression techndogies? 

There has been little published data that addresses the issue of how large the 
change in expression must be for it to permit isolation of the gene in question with 
the various differential expression technologies. Although the isolation of genes 
whose expression is changed as little as 1.5-fold has been reported using SSH 
(Groenink and Leegwater 1996), it appears that those demonstrating a change in 
excess of 5-fold are more likely to be picked up. Thus, there is a 'grey zone' 
in between where small changes could fade in and out of isolation between 
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experiments and animals. DD, on the other hand, is not subject to this grey 
zone since, unlike SH approaches, it xioes not amplify the difference in expression 
between two samples i^ Wan.« a/. (1996) reported, that -differences:in; expression of 
twofold or more are detectable using.I)D. . , i> . ' '- i ;<. - 



Resolution and visucdizdtum of dWereritia ' ' ' ' 

It seems highly improbable with. current technology , that a gel'system could be 
developed; that is able to resolve' all gene species showing altered expression in any 

if ' ^^''""l ' °^^^DD^based),, Polyacrylamide gel electrophoresis 

(PAGE) can resolve size differences down to,.0.2,%,. (Sambrook W; 19g,9) and' are' 
used as standard in DD experiments. Even so. itis clear.that a complex seVies.of gene 
products'such as those seen in a DD will contain unresolvable components. Thus 
what appears to be one band.in a gel may in fact turn out tobe several Indeed it has' 
been^well documented (Mathieu.Daudejera/. ,1996,,-Smith.ef a/. 19^^^^^^ 
band extracted from a DD often represents a composite of ;heterogeneous products 
and the sanie has been found for, S.SH displays .in this laboratdry (Rockett 
1997). One possible solution was offered :by MathieurDaude a/.' (1996) Who 
extracted aridreamplified candidate bands from a DD display and used single strand 
conformation polymorphism (SSCP) . analysis to confirm which components 
represented the truly differentially expressed product. . 

Many scientists often try to avoid the use of PAGE where possible because it is 
techmcally more demanding than agarose gel electrophoresis (AGE). Unfortunately ' 
high resolution agarose gels such as Metaphor (FMC, Lichfield. UK) and AquaPor 

Diagnostics. Hessle. UK), whilst easier to prepare and manipulate 
than PAGE, can only separate DNA sequences which differ in size by around 
1.5-2% (15-20 base pairs for a 1Kb fragment). Thus. SSH,,RDA or other such 
products which differ in size .by less than this amount ;are normally not resolvable 
However, a simple technique does in fact exist for increasing the resolving power of 
AGE— the inclusion of HA-red (10-phenyl neutral red-PEG ligand) or HA-yellow 
(bisbenzamide-PEG ligand) (Hanse Analytik GmbH. Bremen, Germany) in a 
gel separates identical or closely sized products on base, content. Specifically 
HA-red and -yellow selectively bind to GC and AT DNA motifs, respeaively 
(Wawer et aL 1995, Hanse Analytik 1997. personal communication). Since both 
HA-stams possess an overall positive charge, they migrate towards the cathode 
when an electric field is applied. This is in direct opposition to DNA. which 
is negatively charged and, therefore, migrates towards the anode. Thus' if two 
DNA clones are identical in size (as perceived on a . standard high resolution 
agarose gel), but differ in AT/GC content, inclusion of a HA -dye in the gel 
will effectively retard the migration of one of the sequences compared to the 
other, effectively making it apparently larger and, thus, providing a means of 
differentiating between the two. The use of HA-red has been shown to resolve 
sequences with an AT variation of less than 1 % (Wawer et al. 1995), whilst Hanse 
Analytik have reported that HA staining is so sensitive that in one case it was used 
to distmguish two 567bp sequences which differed by only a single point mutation 
(Hanse Analytik 1996. personal communication). Therefore, if one wishes to check 
whether all the clones produced from a specific band in a differential display 
experiment are derived from the same gene species, a small amount of reamplified 
or digested clone can be run on a standard high resolution gel, and a second aliquot 
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in a similar gel containing one of the HA.stains. The standard gel should indicate 
any gross size differences, whilst the HA-stained gel should separate, otherwise 
T'^Moo^f AGE) according to their base content. Geisinger 

et al. (1997) reported successful use of this approach for identifying DD-derived 
clones. Figure 10 shows such an experiment carried out in this, laboratory on clones 
obtamed from a band extracted from an SSH display. 

An alternative approach is to carry out a 2-D analysis of the differential display 
products. In this approach, size-based separation is first carried out in a standard 
agarose gel. The gel slice containing the display is then extracted and incorporated 
in to a HA gel for resolution based on AT/GC content. 

Of course one should always consider the possibility of there being different 
gene species which are the same size and have the same GC/AT content However 
even these species are not unresolvable given some effort-again. one might use 
bbLP . or perhaps a denaturing gradient gel electrophoresis (DGGE) ortemperature 
gradient field electrophoresis (TGGE) approach to resolve the contents of a band 
either directly on the extracted band (Suzuki et al. 1991) or on the reamplified 
product. i .*^ 

The requirement of some differential display techniques to visualize large 
numbers of products (e.g. DD and GEF) can also present a problem in that, in terms 
of numbers, the resolution of PAGE rarely exceeds 300-400 bands. One approach to 

Tn oTo^^ this might be to use 2-D gels such as those described by Uitterlinden et 
al. (1 989) and Hatada et al. (1 991 ). 
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Extraction of differentially expressed bands from a gel can be complex since in 
some cases, "(f.g., DD, GEF), the results are visualiied by autdradiograpliic means ' 
such that precise overlay of the developea film on the gel must occur if the correci^ 
band is to be extractetj for further analysis.: Clearly^,' a misjudgiid "^c^n '&in' 
accoynt for many man-hours lost; T 

has. been addressed by several groups. 'For example, LbhmW W a/; 
demonstrated that silver staining can be used directly to visualize DD bands in 
horizontal PA.Gs. An a/,(1996).avoi^ 

smaU amount (20-30^0,) of the DN A froin their DD to a nylbn membrane, and' 
visuahzmg the b?nds using ch^ stainihg bef6re,goirig back to extract ' 

the remaining DNA from the gel. Chen and Peck^ (1996) Went brie step further and ' 
transferred ,the, entire DD to a nylon membrane. The DNA baiids were thfen 
visualized using a digoxigenin (DIG) system (DIG was attacked tb the pblydt 
primers .used in the di^Terential display procedure). Differentially expressed bands ' 
were cut from the membrane and the DNA eluted by washing with PGR buffer prior ' 
to.reamplification. " . . . .. .,, , ; , , ; , r . 

, One of the. advantages bf using techniques subh as SSH arid RDA is that the final 
display can be run on an agarose gel and the bands visualized with simple ethidium 
bromide stainmg. Whilst this approach can provide acceptable results/oversteining 
with SYBR Green I or SYBR Gold nucleic acid stains (FMC) effectively enhances 
the mtensity and sharpness of the bands. This greatly aids in their precise extraction"^ 
and often reveals some faint products that may otherwise be overlooked Whilst 
drfferential displays stained with SYBR Green I are better visualized using short- 
wavelength UV (254 nm) rather than medium wavelength (306 nm) the shorter 
wavelength is^much more DNA damaging. In practice, it takes only a'few seconds 
to damage DNA extracted under 254 nm irradiation, Effectively preventing 
reamphfication and cloning. The best approach is to overstain with SYBR Green I 
and extract bands under a medium wavelength UV transillumination: 



The possible use of •microfingerprinting' to reduce complexity 

Given the sheer number of gene products and the possible complexity of each 
band, an alternative approach to rapid characterization may be to use an enhanced 
analysis of a small section of a differential display— a 'sub-fingerprint' or 'micro- 
fingerprint'. In this case, one could concentrate on those bands which only appear 
m a particular chosen size region. Reducing the fingerprint in this way has at least 
two advantages. One is that it should be possible to use different gel types 
concentrations and run times tailored exactly to that region. Currently, one might 
run products from 100-3000 + bp on the same gel, which leads to compromize in the 
gel system being used and consequently to suboptimal resolution, both in terms of 
size and numbers, and can lead to problems in the accurate excision of individual 
bands. Secondly, it may be possible to enhance resolution by using a 2-D analysis 
using a HA-stain, as described earlier. In summary, if a range of gene product sizes 
IS carefully chosen to included certain ' relevant' genes, the 2-D system standardized 
and appropriate gene analysis used, it may be possible to develop a method for the 
early and rapid identification of compounds which have similar or widely different 
cellular effects. If the prognosis for exposure to one or more other chemicals which 
display a similar profile is already known, then one could perhaps predict similar 
effects for any new compounds which show a similar micro-fingerprint. 
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An alternative apprpach to microfingerprinting is to examine altered expression 
in. specific families of genes through careful selection of PGR primers and /or post- 
reaftion analysis. Stress genes, growth factors and/or their receptors, cell-cycling 
genes, cytochromes P450 arid regulatory proteiris might be considered as candidates 
for analysis in this way. Indeed, some oflF-the-shelf DNA arrays (e.g. Clontech's 
Alias cDNA Expression Array series) already anticipated this to some degree by 
grouping together genes involved in different responsese.g. apoptosis, stress, DNA- 
damage.responsi etc. " ' « , 



Screening 



False positives - • . 

The generation of false ; positives has been discussed: at length ambngst the 
differential display community (Liang et al. 1 993 , 1995, Nisiiio al 1 994 Sun et al 
1994, ,Sompayrac 1995). The .reason for false positives varies' with the 

techmque bemg.used. For instance, iii. RDA, the use of adaptors which have not 
been HPLC purified can lead to the production of fals4 positives through iUegitimate 
ligation events.(0'NeiU and Sinclair 1997). whilst in DD they can arise through 
PGR artifacts and illegitemate transcription of rRNA. In SH, false positives appear 
'^^x^'^/"^xT ^^""^^"^ Stne species, although some may arise from 

cDNA/mRNA species which do not undergo hybridization for technical reasons 

A quick screening of putative differentially expressed clones can be carried out 
using a simple dot blot approach, in which labelled first strand probes synthesized 
from tester and driver mRNA are hybridized to an array of said clones (Hedrick et 
al. 1 984, Sakaguchi et al. .1986). Differentially expressed clones will hybridize to 
tester probe, but not driver. The disadvantage of this approach is that rare species 
may not^generate detectable hybridization signals. One option for those using SSH 
IS to screenthe clones using a labelled probe generated from the subtracted cDNA 
from which It was derived, and with a probe made from the reverse subtraction 
reaction (GlonTechniques 1997a). Since the SSH method enriches rare sequences 
It should be possible to confirm the presence of clones representing low abundance 
genes. Despite this quick screening step, there is still the need to go back to the 
original mRNA and confirm the altered expression using a more quantitative 
approach. Although this may be achieved using Northern blots, the sensitivity is 
poor by today's high standards and one must rely on PGR methods for accurate and 
sensitive determinations (see below). 



Sequence analysis 

The majority of differential display procedures produce final products which are 
between 100 and lOOObp in size. However, this may considerably reduce the size of 
the sequence for analysis of the DNA databases. This in turn leads to a reduced 
confidence m the result— several families of genes have members whose DNA 
sequences are almost identical except in a few key stretches, e.g. the cytochrome 
P4S0 gene superfamily (Nelson et al. 1 996). Thus, does the clone identified as being 
almost identical to gene X, really come from that gene, or its brother gene X or its 
as yet undiscovered sister X, ? For example, using SSH , part of a.gene was isolated 
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which was up-regulated in the liver of rats exposed to Wy-14.643 and was identified 
by a FASTA search as being transferrin (data not shown). However, transferrin is 
known to be downregulated by hypolipidemic peroxisome proliferatore such as Wy- 
14,643 (Hertz cf a/.:i99:6), >nd this wis confirmed with ^subsequW iRT-PlcW 
analysis^ This suggests ^that.th,^ gene sequence isolated may belong to a gene which 
is d^ely tcUte<J;tp- traiwferrin, .-but-is rtgulated by a different mechanism^ 

A furdier problerh associated with SH technology is redundancy. Jn most cases 
before SH IS. carried out, the cDNA population must first be simplified bv restriction 
digestion. This is important for at least two reasons : 

(1) To reduce Complexity-long xDNa' fragments may form com ^lek •networks 
which preyent^the formation of appropriate hybrids; especially -at- the high 
-concentrations required for efficient hybridization. 

(2) Cutting the cDNAs into small, fragments provides 'betterVrepfes^i^^^ 
individual genes, Thi^ is because genes derived from- related but . distinct 
members of gene families often hav^ similar coding sequences fhatmay cross-' 
hybridize and be eliminated during the subtraction procedure (Ko 1990) 

Furthermore/different fragments from the same cDNA may differ consid 
in terms of hybridization and ampliificatibn arid, thus, maynbt efficiently do one 
or the other (Wang and Brown 1991). Thus, some.fragments froni' differentially 
expressed cDNAs may be eliminated during subtractive hybridization pro-' 
cedures. However, other fragments may be enriched and isolated As a 
consequence of this, some genes will be cut one or more times, giving rise to two • 
or more fragments of different sizes. If those same genes are differentially 
expressed, then two or more of the different size fragments may come through- 
as separate bands on the final differential display, increasing the observed 
redundancy and mcreasing the number of redundant sequencing reactions. 

Sequence comparisons. also throw up another important point— at what degree 
of sequence similarity does one accept a . result. Is 90% identitiy between a gene ^ 
derived from your model species and another acceptably close.? Is 95% between 
your sequence and one from the same species also acceptable This problem is 
particularly relevant when , the forward and reverse sequence comparisons give 
similar sequences with completely different gene species! An arbitrary decision 
seems to be to allocate genes that are definite (95% and above similarity) and then 
group those between 60 and 95% as being related or possible homologues 



Quantitative analysis 

At some point, one must give consideration to the quantitative analysis of the 
candidate genes, either as a means of confirming that they are trulv differentially 
expressed, or m order to estabhsh just what the differences are. Northern blot 
analysis is a popular approach as it is relatively easy and quick to perform However 
the major drawback with Northern blots is that they are often not sensitive enough 
to detea rare sequences. Since the majority of messages expressed in a cell are of low 
abundance (see table 1), this is a major problem. Consequently, RT-PCR may be the 
method of choice for confirming differential expression. Although the procedure is 
somewhatmore complex than Northern analysis, requiring synthesis of primers and 
optimization of reaction conditions for each gene species, it is now possible to set up 
high throughput PCR systems using mulitchannel pipettes, 96 +-well plates and 
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appropriate thermal Icycline tech noln;« ' urt -i 

•d«ir.ble. being mcr..?ccu"rwXuf,^;^ ^"'nti-tiv. 'SnalySis 'riior. 
^ mo«y and ti™. needed to deW^„p?L^l^„ ' °^- »'«d«d., the 

•. must first of .11 choose sn inttm S^"h t "/ >™l'?<i..One 
compered »the.c„mrbU: NSLTe^e^J^^ 

«.mpl. interferon-gs^., (IF^SS 7 " Vu"'" *' W. fcr 

gIyce«ldehy.de^.phosphate:deVtfrd&^£^^^^ 

m, Murphy 1990), hypoxanthine nW„I t , ^^-■"■""S'oliiliii (^2- 
«i. 1998) and a number' J„r*,Ai„^^'^i"'^ 
standard sBo«a ndtaange ibS^^^^^^^ 
stagein-,d,ecell.cycle„r.thLghS'e£~ 
' shown on numerous occasions that d,. leveB 'oYI"^ h "'"^ " 
usediby the risearch community do in K/Sf /^'^ 

, different tissues (Clon.Tech™,ues ,9,7 b t-f • " " ""^i'-ns and in 

liminary expiriments be carried out on a Lit 6f ZT""'' ^^^^^^^^^ 

their suitability for Use in the model system °"'°""''"P"'S genes to establish 

,rangeofperoxison,eproHferators 

resistant (Orton et al. 1984, Rpdricks and TurS ?87^1 ^ 
Makowska «/. 1992).A -simplified approarto " Ll^^^ 

compare lists of up- and down-reculatTo? reason(s) wHy is to 

expressed in only one species and t^tn f^'/" ^°^d,<.ntify those which are 

thesaidgene.mi,'htsu,:Lram^lnZfff^^^^^^^^^^^^ 

or protection. Of course, the situation isS o be f^^^^ 

there were one key gene protecting guinea P^e from no ^"^^^^ 

upregulated 50 times by PPs the 5!^^/ T "°"-e*=n°to*ic effects and it was 

in the rat. However. sinL bot^wer n^^d" o be' ^^"P-^gulated five times 

gene may be overlooked. Just to com Xlte "P"^"^"^'^' importance of the 

does not necessarily mean bil ogkaTly^^^^^^^ "'"^ ^'^"^^ - «P--on 

true relevance of gene Y which hows a SO fold '""^P^^' "'^^^ *he 

and gene Z which shows only a L itt " seTu^^^^^^^ ^ ^^"r^- ^-^^-t. 

may find that historically, gene Y has often h.. k '''T'"" 

fold by a number of uJeL^s^l^^^^^^^^ 40-60- 

appear less significant. However theUter»r,. 1 increase would 

recorded as having more thanVoub^^ T^^^^^^^^^^ 

mcrease all the more exciting Perh,r,c . ^^P^ession-which makes your S-fold 
increase has only been seen I' rel d^^^^^^^^^^^ ;:;f--^ ^^at same 5-fold 
chemicals. neopjasms or following treatment with related 

Probletos in using ,he differential display ,pp,„,fc 

•«ng':^"::lttterwU°^Lr;f:rLw'" ^T'- --■'-btainable 
a de.elopm.nta, process or ^oHoJ- V^^^^rr"^^^^ 



sem in >co»a,ed, oncogenes, tumoui ^..""''"P"'"' such as thcise 
morphisms. Pol)™orphfc :™;iaC^^^^ 

regarded' is being of paramorMlon If "'"^ "'^ ' 

respond benerthan othemocertafaZg",^^ 

some people are less affected by botennaTH?n '""'.f iog'cal «tension,,Why 
others).. The ' idenofication ' of'S .Han 
polymorphisms requires the subseou.iV^''^"- ''T .occurring 
or TGGE-to the:g.ne of interesfFuXr^o rH°<? S«OP -DGGi 
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Conclusions 



Perhaps the main advantage of open svst*.T«^.«-- 
they are not limited by extant th.n.;::r:::r """taal display.te 

chniquesis that 

differentially expressed, since they ^^/""/^^^rb-sm revealing genes which are 
demonstrate altered expression. This means '"^^"^^ ^^ich 

previously unknown geLs which XlTom b^^^ 
state or condition. At least one.:6p7n s^tem ^Sap^^^^ 

eliminating the need to return to throriZrmR^^^^^ quantitative, thus 

analysis to confirm the result. Howev f the .al\" /"^^ 
projects means that over the next <; in / ^ Progress of genome mapping 

will switch from open ^l^^S^^'::'^''^-^- ^^run.r^^ 
arrays. Arrays are easier and faster to pr pare and u "^""T' P^"'^"l"ly DNA 
suitable for high throughput analvsisanT r , ' ^"""^'^^ quantitative data, are 
pathways or families of^e'neriden fica^^^^^^^^^^^ " specific signalling 

common laboratory animals comh n^r f ^ ^'"^ human and 

n.eans that it will sLnX "b"ne^^^^^ ^"^^ technology 

genes using the technica r^ore deZ^^^^^ 

main advantage (that of identTfy n^^^^^^^ ^hus. their 

likely, therefore, that their sphere orapp^iirtfo -„T eradicated. It is 

lesscommonlaboratoryspecfes s nee t^^^^^^^^^^^ "'".'^ "'""^ ^° «"^Jy«s of the 
such animals as zebrafish:electH; '°"^! ^^^^^^ ^^e 

genomes of 

be sequenced. "^y^^h and squid, for example, will 

persistent problem is und.rstandinrwhethe,?^"""'',, genes' One' 
cause or consequence of the altered sme F,; ''■^"'"tially expressed genes are . 
non-genotox.c carcinogens, are also ^'i,r. '^'""'ica's. such as 

replication will also be upregulated but m /h'e IWe'or To^ 

y nave jittJe or nothing to do with the 



t^rdno^e^ drect. Whilst differential display technology cannot hope to answer 
these questions. ,t does provide a springboard W 

and functional RtiirfiAc r-ar. k^j«,.*.^u^ J TT_j ; ^ , . "» 



11 i J - ? ^ ^- i'tP- . V "r-"""' — "'viccuiar mechanism of 

a still photograph, showing dmik of . fixed n,om«, 
time, Co„s.der *. Ilutprian who know, *e outcome of ..;bi;Ue end 4. p°«e^lS 
and condmon of the „oops before the battle'commenced, bui ia att'ed » tT^d 

nho^rar, al 

laS^u»hi K^f ■ ?'^'' 'o,™aeratahd the 'tKe Historiati 

m»at «nd,outthe.capab,Imea and motivation of the s61die« and their commanding 

tt^ar'Areti" Tr-v'"",^^^ 

terra ji, the remams of the battle and consider the effect, the prevailing weather 
cond,t.ons e«r,ed.4;il<ewise. if mecl,anis,ic answers are to be'fortS^r^he 
scenttst must use drfrerential display in combination with othertechniqueTlk as 
knockout techno bgy, the analvsis of rf.ir'c.cT«i.ii.\,w \:u - . '^'-"niques, sucn as 
tJm* ■.r.A Ac... J analysis ot cell signalling pathways. mumibn analysis and 
time and . dose response analyses. Although this revieW has emphasized tHe 
imporj^nce of differential gen. profiling, it should not be.onsidered 7^o Zn and 
he full impact of this approach will be strengthened if used in combination wTth 
functional .genomics and proteomics (2.dimensional protein gels from isoelectSc 
focusmg and subsequent SDS electrophoresis and.virtual 2D-Lps usin "cap Ikry 
electrophoresis). Proteomics is attracting much recent attention as many of h^ 
changes resulting m differential gene expression do not involve changes in mRN A 
levels, as decribed extensively herein. but rather protein-protein. protein>DNA and 
protem . phosphorylation- events which would require functional genomics or 
proteomic technologies for investigation. '"""cs or 

Despite the limitations of differential display technology, it is, clear that many 
potential applications and.benefits can'be obtained from characterizing the genetic 
changes that occur in a cell during normal and disease development and in respon e 
to chemical or biolog.ca msult. In light of functional data, such profiling w l 
provide « fingerprint' of each stage of development or response, and in the bng 
^rm should help in the elucidation of specific and sensitive biomarkers for different 
types of chemical/biological exposure and disease states. The potential medica and 
therapeutic benefits of understanding such molecular changes are almost im- 
measurable. Amongst other things, such fingerprints could indicate the family^r 
even specific type of chemical an individual has been exposed to plus the 1 n«h 
and/or acuteness of that exposure, thus indicating the most prud'ent treamTent 
They may also help uncover differences in histologically identical cancers, provide 
diagnostic tests for the earliest stages of neoplasia and. again, perhaps indicate the 
most efficacious treamient. ^ 

The Human Genome Projea will be completed early in the next century and the 
DNA sequence of all the human genes will be known. The continuing development 
and evolution of differential gene expression technology will ensure that thi 
knowledge contributes fully to the understanding of human disease processes. 
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SUMMARY 

The technique of differential display reverse tianscription-polymerase chain reaction (ddRT-PCR) has been used to produce unique 
profiles of up-regulated and down-regulated gene expression in the liver of male Wistar rats following short term exposure to the 
non-genotoxic hepatocarcinogens, phenobarbital and W^]4.643. Animals were treated for 3 days, whereupon their livers were 
extracted and snap frozen. mRNA was prepared from tfie livers and used for ddRT-PCR. Individual bands ftom the differential* 
displays were extracted and cloned. False positives were eliminated by dotblot screening and true positives then sequenced and 
identiHed. 



INTRODUCTION 

Safety evaluation of. new chemicals usuaUy necessi- 
tates the examination of genotdxic and carcinogenic 
potential using shoit-tenn in vitro and in vivo geno- 
toxicity assays^ augmented by chronic bioassay tests. 
The short-term assays have proved useful in the early 
identification of potential genotoxic carcinogens, but 
their value is limited by observations which suggest 
that approximately 60% of chemicals identified as car- 
cinogens in life-exposure studies produce mainly 
negative findings in short-term genotoxicity tests (1,2). 
Thus, there is currently no reliable and rapid means of 
evaluating the carcinogenic risk of new chemicals 
which fall into this latter group of compounds, termed 
non-genotoxic (or cpigenetic) carcinogens. 
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It is now evident that non-genotoxic carcinogens 
constitute a group of chemicals which are not only di- 
vergent in their interspecies toxicity, but also demon- 
strate different target organ selectivides and mecha- 
nisms of action (3,4). Elucidation of the molecular 
mechanisms underlying non-genotoxic carcinogenesis 
is cuirentiy underway, but the picture is still far from 
complete. It is anticipated that a better understanding 
of the early changes in genetic expression following 
exposure to non-genotoxic carcinogens will aid devel- 
opment of experimental strategies to identify cellular 
markers which are diagnostic for this type of toxicity. 

Subtractive ddRT-PCR is a rccenUy developed 
technique which facilitates the preferential amplifica- 
tion of gene products that demonstrate altered expres- 
sion in target ussue(s) following exposure to chemical, 
stimuli. Furthermore, using this technique, no prior 
knowledge of the specific genes which are up/down 
regulated is required. In the current study, we have un- 
dertaken to develop a specific and rapid assay for non- 
genotoxic carcinogens using the technique of ddRT- 
PCR. This has allowed us to identify characteristic 
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panerns of gene regulation following administration of 
two different non-genotoxic carcinogens (phenobari)!- 
tal and Wy-14,643) and the subsequent identification 
of individual gene species which are regulated by this 
xenobiotic treatment 



MATERIALS AND METHODS 
Animals and treatment 

Phenobarbital (BDH. Poole, UK; 100 mg/kg/day) or 
[4-chloro-6-(2,3-xylidino)-2-pyriinidinylthio] acetic 
acid (Wy- 14.643) (Campo. Emmerich; 250 
mg/kg/day) was administered by gavage to groups of 
3 male Wistar rats (150-200 g) on three consecutive 
days, whilst control animals received nothing. All ani- 
mals had free access to food (rat and mouse standard 
diet. B&K Universal, Hull, UK) and water. The ani- 
mals were killed on the fourth day, whereupon their 
livers were excised, sliced into OJ cm cubes, snap fro- 
zen in liquid nitrogen and then stored at -TCC. 



mRNA extraction 

Up to 0.25 g of each frozen liver sample was ground 
under liquid nitrogen using a mortar and pestle. 
mRNA was extracted from the ground liver using 
Promega's PolyATtract® System 1000 (Promega, 
Madison, WI, USA) according to the technical man- 
ual. The mRNA was DNase-treated (Promega. final 
concentration 10 U/ml) before phcnoychlorofonn ex- 
traction and ethanol precipitation. The mRNA was re- 
suspended at a final concentration 500-1(XX) ng/ul. 



ddRT-PCR 

This was carried out using the POl-Select™ cDNA 
Subtraction Kit (Clontech, Palo Alto. CA. USA) ac- 
cording to the manufacturer's instructions. Final PCR 
reactions were run on a 2% Meuphor agarose (FMC, 
Rockland, MD. USA) gel containing ethidium bro- 
mide (Sigma, Dorset, UK) and then overstained for 30 
min with SYBR Green I DNA stain (FMC. 1:10 000 
dilution in TAB). 



the DNA eluted using a Genelute™ Agarose Spin Col- 
""r^. ^f^^"^' BeUcfonte). An aliquot of the eluted 
DNA (5 Hi) was re-amplified using the original ddRT- 
PCR nested primen and elecqxiphoresed on a 2% 
agarose gel. Hie re-amplified band was extracted from 
the gel (as above) and the eluted DNA ligated directly 
into the TOPO TA Qoning® vector (Invitrogen 
Carlsbad) before transformation in Escherichia coli 
TOPIOF One Shot™ cells (Invitrogen). 



Stage 1 screening 

Twelve transformed (white) colonies from each band 
were grown up for 6 h in 200 ^ LB broth containing 
ampicilhn (Sigma. 50 ng/ml) and 1 nl of this ampli- 
fied by PCR reaction (as specified in ddRT-PCR tech- 
nical manual). One quarter of the completed reaction 
was electrophoresed on a standard 2% agarose gel and 
one quarter on a 2% agarose gel containing HA Yel- 
low (Hanse AnaJydk GmbH, Bremen, Germany 1 
U/Ml) to discern the different cloning products. TTie re- 
mainder was used to prepare duplicate dotblots on Hy- 
bond N+ (nylon) membranes (Amersham. LitUe Chal- 
font, UK). Cultures containing different cloning prod- 
ucts were grown up and a plasmid miniprep prepared 
from each (Wizard Plus SV Minipreps DNA Purifica- 
uon System, Promega) according to the manufac- 
turer's instructions. 



Stage II screening 

TTie duplicate dotblots were probed with: (a) the final 
differential display reaction; and (b) the 'reverse-sub- 
tracted' differential display reaction. To make the 're- 
verse-subtracted' probe, the subtracuve hybridisaUon 
step of the ddRT-PCR procedure was carried out using 
the onginal tester cDNA as a driver and the driver as 
a tester. Probing and visualisation were carried out us- 
mg the ECL Direct Nucleic Acid Ubelling and Detec- 
tion System (Amersham) according to the manufac- 
turer's instructions. Those clones which were positive 
for (a) but negative for (b). or showed a substantially 
larger positive signal with (a) compared to (b). were 
chosen for further analysis. 



Band extraction and cloning 

Each discernible band from the differential display 
pattern was extracted from the gel with a scalpel and 



DNA sequencing 

Positive clones as identified above were sequenced on 
an automated ABI DNA sequencer (Applied Biosys- 
tems, Warrington. UK). 
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Fig. 1 : (A) Subliacovc ddRT-POl panems obtained from rat liver following 3^ay treatment with WY-14.643 or phenobarbital Lane 

i iJl.?? ^t'. • "P-^=^'^«^ WyJ4^3 treatment; lane 3. genes down-«gulated foUoi^g 

Wy.14^3 treatment: lane 4 genw up-regulaied following phenobarbital treatment; lane 5. genes down-rcndi^ fou3 
phenobaibiuJ treatment; and lane 6. Ikb ladder. (B) Subtractive ddRT-PCR panems obtained from nu bv" shJSng S^f 
changes when phenobarbital treated mRNA is subtracted from Wy-14.643-treated mRNA and vice-versa. Lane 11 kh 
ladder, lane 2. genes showing increased expression following Wy- 14,643 tream,ent compared to phenobarbital trea'tmcnt 
lane 3. genes showmg mcreased expression foUowing phenobarbital treatment compared to Wy-14 643 treatmenLa« 
Materials and Methods for further detaUs. F cu ro wy i4,04j treatment See 





Ftg. 2 : Re-ampUfied ddRT-PCR products which were down-regulatcd following phenobarbital treatment (upregulated bands were also 
re-amphfied but gel not shown). Individual DNA bands excised from gel of ddRTR-PCR re^tions were exttaaS 
re-ampbfied and run on agarose gels to confirm amplification of correct band (numbered). See Materials and Methods fm 
further details. 
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Table / : Rat Bver genes down-regulated by phenobaifoital ireai 



Band number (Fig. 2) 
(Approximate size in bp) 



Phenobarbi tal dofwn'regulaud 

Highestseguence homology FASTA-E MBL gene ideniT'coihit 




1 (1500) 




95.3% 


2 (1200) 




9^3% 


3(1000) 




91.7% 


7(700) 


Clone 1 


77.2% 




Clone2 


94.5% 




Clone3 


91.0% 


8(650) 


Clone 1 


66.9% 




Clone2 


96.2% 


9(600) 


Clone 1 


86.9% 




Clone 2 


82.0% 


10(550) 




73.8% 


11 (525) 




95.7% 


12 (375) 




100.0% 


13(230) 


Clone 1 


97^^ 




Clone 2 


100.0% 




Clone 3 


100.0% 


14 (170) 




96.0% 


15 (140) 




97.3% 


rs: (300) 




96.7% 


(275) 




93.1% 



Rat mRNA for 3-oxoacyf-CoA thiolase 
Rat hemopoxin mRNA 
R /artus alpha-2ii-globulin mRNA 
M. musculus mRNA for CI inhibitor 
Rat electron transfer flavoproteln 
Mouse topoisomerase 1 (Topo 1) mRNA 
Soares 2NbMT M. muscutus (EST) 
Rat alpha-2u-globuIin (s-type) mRNA 
Soares mouse NML M. muscuius (EST) 
Soares p3NMF19.5 M.musculus (EST) 
Soares mouse NML M. muscuius (EST) 
NCLCGAP.Prl H. sapiens (EST) 
R, norvegicus mRNA for ribosomal protein 
Soares mouse embryo NbME135 (EST) 
Rat fibrinogen B-beta-chain 
Rat apolipoprotein E gene 
Soares p3NMF19.5 M. muscuius (EST) 
Stratagene mouse testis (EST) 
R norvegicus RASP 1 mRNA 
Soares mouse mammary gland (EST) 

ia««^. . ^ ^ = expressed sequence tag. 

Bands 4^ wc« shown U> be false positives by do*loi anaiylis and, therefore, not sequenced. 



Tabu II : Rat Uvcr genes up-rcgulatcd by phenobarbital treatment 



Band number 
{Approximate site in bp) 

5 (1300) 
7(1000) 

8(950) 
10(850) 

11 (800) 

12 (750) 
15(600) 
16(550) 
21 (350) 



Phenoba rbital up-regulated 

Highestseguencehomology FASTa-EMBL gene idenrificatiaii 



Clone 1 
Clone 2 



Clone 1 
Clone 2 



93.5% 
95.1% 

98.3% 
95.7% 
94.9% 
75.3% 
93.8% 

92.9% 

95^^ 
93.6% 
99.3% 



Rat cytochrome P450IIB1 
mRNA for rat preproalbumin 
Rat serum albumin mRNA 
NCLCGAP.Pri H. sapiens (EST) 
Rat cytochrome P450IIB1 
Rat cytochrome P450IIB1 
Rat cytochrome p450-L (p450tlB2) 
Rat TRPM-2 mRNA 
Rat mRNA for sulfated glycoprotein 
mRNA for rat preproalbumin 
Rat serum albumin mRNA 
Rat cytochrome P450IIB1 
Rat haptoglobulin mRNA partial alpha 
R norvegicus genes for IBS. 6.8S & 28S rRNA 
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Identification of diflerentiaUy-regulated 
genes 

Gene-sequences were identified using the FASTA pro- 
granune (http7/www.ebi.ac.ulc/htbin/fasta.py?request) 
to search all EMBL databases for matching DNA se- 
quences. 



RESULTS 

Figure 1A3 shows the ddRT-PCR patterns of genes 
showing altered expression in rat liver following 3 day 
treatment with phenobarbilal or Wy.14.643. Individual 
bands were isolated from the phenobarbitaJ-modulated 
panems (both up- and down-regulaied), re-amplified 
(Fig. 2). cloned, screened for false positives and then 
identified. Those xenobiotic-modulated gene products 
identified to date are listed in Tables I and n. 



DISCUSSION 

The advent of combinatorial chemisuy has led to the 
synthesis of millions of new chemical compounds, 
many of which may be potentially useful in pharma- 
ceutical, agricultural or industrial applications. How- 
ever, whilst there are tests available for those posing a 
genotoxic activity, there remains no shon-term assay 
able to identify those chemicals which may belong to 
the non-genotoxic group of carcinogens. 

We have used an adaptation of the subtractive hy- 
bridisation method - ddRT-PCR - to produce charac- 
teristic profiles or 'fingerprints* of those genes which 
are up-regulated or down-regulated in male rat liver 
following acute exposure to test chemicals. The ddRT- 
PCR profiles are characteristic and unique for each of 
the 2 compounds studied to date. 

A number of those gene species showing altered 
expression following phenobarbital treatment have 
been cloned and identified (Tables I & II). It is inter- 
esting to note the presence of CYP2B2 in the up-regu- 
lated genes. This would, of course, be expected fol- 
lowing exposure to phenobarbital and serves as a posi- 
tive control for the method. Other genes which one 
might normally expect to be up-regulated do not ap- 
pear in the table. However, it should be noted that not 
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all bands seen on the differential display were ex- 
tracted and re-amplified due to their being too faint or 
too close to other bands to accurately excise. Further- 
more, it has been well documented [(5) and references 
therem] that a single band extracted from a differential 
display often represents a composite of heterogeneous 
products. We are currently examining new methods to: 
(i) improve resoluuon of the differential display pat- 
terns (including 2-D agarose gels); and (ii) disunguish 
those ddRT-PCR products which are identical in size, 
but different in sequence. 

Our future efforts will be directed towards deter- 
mining the extent of modulation of a number of the 
genes reponed herein using semi-quantitative RT- 
PCR. This should reveal the extent of changes in ex- 
pression of key gene products which may be involved 
in non-genotoxic hepatocarcinogenesis and thus help 
increase understanding of this process. Furthermore, it 
IS anucipated that aligning ddRT-PCR profiles of dif- 
ferent non-genotoxic agents found in responsive and 
non-responsive species may enable identificauon of 
those genes which are mechanistically relevant to the 
non-genotoxic hepaiocarcinogenic process. Accord- 
ingly, this approach lends iuelf well to the identifica- 
tion, characterisation and sub-classification of possible 
different classes of non-genotoxic carcinogens. 
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Abstract 

Understanding the genetic profile of a cell at all stages of normal and carcinogenic develbpmem 
essential aid to developing new strategies for the prevention, early detection, diagnosis and trcatiilent of caniirs. ' We 
have attempted to identify some of the genes that may be involved in peroxisome-proliferator (PP)-induced 
non-genotoxic hcpatocarcinogenesis using suppression PGR subtractive hybridisation (SSH). -Wistar rats (maie> Were 
chosen as a representative susceptible species and Duncan-Hartley guinea pigs (male) as a^ resistant species ;t6 the 
hepatocarcinogenic effects of the PP, [4-chloro-6-(2,3-xyIidino)-2-pyrimidinylthio] acetic acid (Wy.14.643); In each 
case, groups of four test animals were administered a single dose of Wy^ 14,643 (250 mg/kg per day in \com=cil) by 
gastric intubation for 3 consecutive days. The control animals received corn oil only. On the fourth day the:animals 
were killed and liver mRNA extracted. SSH was carried out using mRNA extracted from the rat and guinea pig 
livers, and used to isolate genes that were up and downregulaied following Wy-14,643. treatment. These genes 
included some predictable (and hence positive control) species such as CYP4A 1 and CYP2C1 1 (uprcgulalcd and 
downregulaied in rat liver, respectively). Several genes that may be implicated in hcpatocarcinogenesis have also been 
identified, as have some unidentified species. This work thus provides a starting point for developing. a molecular 
profile of the early effects of a non-genotoxic carcinogen in sensitive and resistant species that ciDuid ultimately lead 
to a short-term assay for this type of toxicity. © 2000 Elsevier Science Ireland Ltd. All rights reserved. 
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Introduction 
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The advent of combinatoria! f chemistry ^ad 
)mputer-aided, drug design h^^^ a^^^^^nt 
psurge in the number of chemicar compounds 
lat have potential therapeutic, agricultural and> 
dustrial applications. Although it has been sug- 
jsted that the contribution of synthetic chemicals 
; the overall incidence of human cancer is low, 
ere still remains, an absolute requirement "to , 
aluaie all new chemicals for toxic and dafcino- 
nic potential. The latter is one of the most 
oblematic areas of chemical safety evaluation 
id is usually carried out using short-term in vitro 
id in vivo genotoxicity assays augmented by 
ronic bioassay tests. The short-term assays have 
oved useful in the early identification of poten- 
J genotoxic carcinogens, but their value is lim- 
d by observations that suggest that 
proximately 60% of chemicals identified as car- 
logens in life-exposure studies produce mainly 
gative findings in short-tenn genotoxcity tests 
shby, 1992; Parodi, 1992). Thus, there is cur- 
itly no reliable and rapid means of evaluating 
i carcinogenic risk of new chemicals that fall 
o this latter group of compounds, termed non- 
lotoxic (or epigenetic) carcinogens. 
Dne approach to addressing this problem is to 
cidate the molecular mechanisms by which 
Dwn non-genotoxic carcinogens act. It should 
n be possible to identify common factors/ 
chanisms that can serve as early biomarkers of 
cinogenic potential for new chemicals. To this 
I, a large number of groups have reported on 
various effects of non-genotoxic compounds 
various animal species (Marsman et al., 1988; 
ce et al., 1993; Cattley et al., 1994; Hayashi et 
1994; Human and Experimental Toxicology, 
4; Anderson et al., 1996). However, the mech- 
3tic picture is still far from complete with many 
:hose genes involved in the carcinogenic pro- 
; remaining unknown, and their identification 
efore remains a key goal in elucidating the 
ecular mechanisms by which non-genotoxic 
:inogenesis occurs. 

abtractive hybridisation (SH) and related tech- 
)gies such as representational diflerence analy- 
(RDA) (Hubank and Schatz, 1994) and 



differential, display (DD). (Uang and -Pardee.' 
1992) can .be used: to aid the isolation of. genes • 

■ V. showing altered expression i^in target: tissues fol-' 
lowing exposure Jto a. chemical stimulus. These. 

-> techniques can also be used^to identify differential 
gene expression in neoplastic, and normal, cells,, 
(Liang et al., 1992), infected .and, normal cells 
(Duguid and Dinauer, . 1 990), differeniiated and 
undifferentiated cells (Sargent and, Dawid, 1 983-- 
Guimaraes' et al., 1995); activated and .dormant , 
cells (Gurskaya et'al., 1996; Wan et al.,; 1996), 
different cell types (Hedrick et ai,,. .1984; Davis et. 
al., 1984) amongst others. Most imporiantiy, us-, 

^J^ing such^ approaches, no prior knowledge of the 
specific genes that are upregulated/downregulated 
is requireid!" .. ' " '. ' 

Using a variation of SH, termed suppression- . 
PGR subtractive hybridisation (SSH) (Diatchenko . 
et al., 1996), we have previously reported the., 
isolation of a i?umber 'of genes showing altered 
expression in male rat liver following acute expo- 
sure to phenobarbital (Rockett et al., 1997). Ih' 
the current work We haVe used the sam^ experi- ' 
mental approach to isolate genes that are differen- 
tially expressed in the hvers of male rats'. and 
guinea pigs following short-term '(3-day) exposure '. ■ 
to the peroxisome proliferator (PP) and iion- 
genotoxic hepatocarcinogeri, Wy-14,643. We have 
isolated and identified a number"" of gene species,' 
some of which may be imponant in the induction 
of, or protection against, non-genotoxic 
hepatocarcinogenesis. 



2. Materials and methods 

2.1. Animals and treatment 

AU animal experiments were undertaken in ac- 
cordance with Her Majesty's Home Office De- 
partment guidelines under the auspices of 
approved personal and project licences. Male 
Wistar rats (150-200 g) and male Duncan-Hart- 
ley guinea pigs (250-300 g) were obtained from 
Kingman and Bantam (Hull, UK). Upon receipt, 
both groups were randomly assigned into two 
groups of four. They were maintained on a rat, 
mouse or guinea pig standard diet (B&K Univer- 
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sal, Hull) and a daUy cycle of alternating 12-h. 
- periods of dark and light. The room temperature 
waLs maintained at 19**C and a relative humidity of 
;55%. The .animals were , acclimatised to this, envi- 
rbnment for- 7 days before treatmentjcdmmenced. 
(4-chloro-6-(2,3^xylidino>2-pyrimidinylthio] acetic 
add .(Wy-14,643;. Gampo, Emmerich;; 250 mg/kg 
per' day; in corn oil) was administered by gavage 
to: the treated groups of rats arid guinea pigs on 3 
consecutive days, whilst control groups received 
an equal volume of > com oil .only.. = During this 
time, all animals had free access to food and 
water. The animals were killed by cervical disloca- 
tion on the fourth day, and their livers immedi- 
ately excised, weighed; sliced into approximately 
0.5-cm cubes; snap frozen in liquid, nitrogen, and 
stored at -70**G. ^ 



2.2. mRNA extraction 



Approximately 0.25 g of each frozen liver sam- 
ple was ground under liquid nitrogen using a 
nlortar and pestle. Messenger RNAi wias extracted 
from the ground liver using the PolyATtract® 
System 1000 kit (Promega, Madison, USA) ac- 
cording to the technical manual provided- by the 
nianufacturers. The mRNA was DNase^treated 
(RQ Rnase-free Dnase, Promega, final concentra- 
tion 10 U/ml) before, phenol/chloroform extrac- 
tion and ethanol precipitation. The mRNA was 
redissolved at a final concentration 500-1000 ng/ 

2.3. cDNA Subtraction 

This was carried out using the PCR-Select™ 
cDNA Subtraction Kit (Clontech, Palo Alto, 
USA) according to the manufacturer's instruc- 
tions. Subtractions were carried out with mRNAs 
derived from single animals. The mRNA from the 
remaining three animals in each group was later 
used for quantitative RT-PCR analysis of specific 
genes. 

2.4. Band extraction and cloning 

The secondary PCR reactions from the cDNA 
subtraction procedure were run on a 2% 



. Metaphor agarose gel (FMC, Rockland, USA) 
contammg 0.5 jig/ml ethidium bromide (Sigma 
Dorset, UK). One times TAE (0.04 M Tris-ac' 
etate, 0.001 M EDTA) was used to prepare the gel 
and as the ruriniiig buffer. After running for 6-7 
h at 3.75 V/cm, the, gel was overstained for SO'min 
with SYBR Green I DNA stain >.(FMC, 1 : 1 0 000 
dilution in 1 x TAE). Each discernible band of 
the differential dispjay pattern was extracted from 
the gel with a scalpel and the DNA eluted using a 
GeneluteJM agarose spin column (Supelco, Belle- 
fonte, (USA). Five microlitres of the eluted DNA 
was reamplified . using the original nested (sec- 
'ondary)''PCR primers supplied with the PCR-Se- 
' * n Ici t . *^^he PCR products 

,were ,electrophoresed on a 2% standard agarose 
gel .(Boehringer Mannheim, East Sussex, UK) and 
pthe reamplified target bands extracted from the 
gel as above. The eluted DNA was immediately 
hgated into a TOPO TA Cloning* vector (Invitro- 
gen, Carlsbad, USA) before transformation in 
Escherichia coli TOPIOF- One Shot™ cells 
(Invitrogen). 



2.5. Colony screening 



2.5.1. Stage I 

Eight transformed (white) colonies from each 
band were grown up for 6 h in 200 ^l LB broth 
containing ampicillin (Sigma, 50 mg/ml). One mi- 
crolitre of this was subjected to PCR using the 
same conditions and nested primers as described 
above. One tenth (2 of the completed PCR 
reaction was electrophoresed on a 2% standard 
agarose gel and one tenth on a 2% standard 
agarose gel containing HA red (Hanse Analytik 
GmbH, Bremen, Germany, 1 U/ml) to discern the 
differentially cloned products. The remainder of 
the PCR reaction was used to prepare duplicate 
dotblots on Hybond N+ membranes (Amersham 
Little Chalfont, UK). 

2.5:2. Stage II 

The duplicate dotblots were probed with (a) the 
final differential display reaction and (b) the 're- 
verse-subtracted' differential display reaction. To 
make the 'reverse-subtracted' probe, the subtrac- 
tive hybridisation step of the differential display 
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?IT-PCR * procedure was carried out using ' the 
original tester, (treated) mRNA.as .the driver and 
he original driver (control) mRNA as^the tester 
^robing and visualisation were carried out using 
he ECL ; direct nucleic acid labelling and detec- 
ion syistem (AmerShani,,yttle UK) ac- 

;ordirig ,to the inanufacturer*s instructions. Those 
:lones that were positive for (a) but negative for 
b), or- showed a substantially larger positive sig- 
lal with ' (aj conipared 'to (b), were selected for 

])NA seiqiience analysis. 

<-' ' ' 

1 • . . r ■ 

16. DNA sequencing 

The remainder of the cultures (prepared in 
tage 1 screening) containing difTerent cloning 
products (as discerned in the two screening steps) 
/ere grown up overnight in 5 ml LB broth con- 
lining ampicillin (50-mg/ml). A plasmid miniprep 
as prepared from each (Wizard Plus SV 
linipreps DNA, purification systeni^ Promega)^ 
ccording to the manufacturer's instructions. The 
ioned inserts were sequenced on an automated 
.BI DNA sequencer (Applied Biosystems, War- 
ngton, UK) using the Ml3 fonyard primer 
3TAAAACGACGGCCAGT) or M13 reverse 
rimer (AACAGCTATGACCATG). 

7. Identification of differentially regulated genes 

Gene sequences thus obtained were identified 
;ing the FASTA 3,0 programme (Lipman and 
earson, 1985; Pearson and Lipman, 1988) (http:/ 
/ww.ddbj.nig.ac.jp/E-mail/homology.html) to 
arch all EMBL databases for matching DNA 
quences. Each clone sequence was submitted in 
e forward and reverse direction, and the one 
turning the highest statistical probability of 
atch to a known sequence was noted. Sequence 
)mologies between our submitted clone sequence 
id the queried database sequence were deter- 
ined (by FASTA) over a region of at least 60 
-se pairs. 

RT'PCR analysis of selected candidate genes 

:DNA sequences of the target genes were ob- 
ned from the NIH gene database (GenBank at 
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http://www.ncbi,nlra.nih.gpy/W^ 
html): and . . the , ; computer programme gene. 
JOCKEY (BioSoft; Cambridge, UK) used to select 
primer pairs from thfese sequences. Where guinea 
pig sequencel^were^ and guinea pig 

sequenas-were alig^^ and primers chosen from 
regions of homology.' If guinea pig sequences were 
not available, rat and> human sequences were 
used. In cases where exact homology could not be 
found, tjie' sequence from rat was u^ed. In the 
case of CDS 1 only, no rat or guinea pig sequences 
were .available and so .mouse and human se- 
quences were aligned and a primer pair chosen 
from" a rdgibh ^ of homdldgyr- Primers" (obtained 
from GibcQ-BRL, Paisley, UK) were dissolved at 
a concentratioh of 5.Q pmpl/fil 'in sterile distilled 
water -and .stored at --20?G The primer pairs 
used plus other reaction parameters are shown in 
^ Table 1. mRNA ujas extracted (as described 
above) from air fouf treated animals and from 
three animals in the control group. Integrity of 
the eluted mRNAiwas confirmed on a 2% agarose 
gel, and the concentration and purity were mea- 
sured using a Genequant II spectrophotometer 
(LKB, Bromma, Sweden) and then diluted to 10 
ng/^l. One .microlitre of this, latter .solution was., 
used .per RT-PCR reaction. \, ; / , 

RT-PGR was carried out in a single tube (50 
reaction using the Access RT-PCR system 
(Promega) according to manufacturer's instruc- 
tions. In the kinetic and quantitative analyses, 
omission of RNA was used as a control for , the 
presence of any contaminating DNA. After ob- 
taining a PGR signal of the correct size and 
optimising the reaction conditions, each PGR 
product was digested with between two and four 
separate restriction enzymes. Specific restriction 
patterns were thus obtained, which further confi- 
rmed the identity of the PGR products as being 
the original target genes. Kinetic analysis (14-32 
cycles) was then performed in each case to deter- 
mine the location of the mid-log phase. 

For the semi-quantitative analysis of each 
target gene, RT-PCR reactions were carried out in 
triplicate for each sample to reduce the effect of 
intertube RT-reaction variations (Kolls et ah, 
1 993) and pipetting errors. For each gene, a mas- 
termix containing enough reagents for three times 
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the number of -samples (seven for rat, six for 
guinea pig) was prepared except that mRNA was 
omitted, the latter being added after aliquoting 49 
^1 of the niastermix into an appropriate number 
of tubes. Amplification of albumin (the reference 
gene) : was carried out in separate tubes since the 
mid-log- phase of this gene is at a much lower 
cycle number than the, target genes due to its high 
abundance. All RT-PCR products were analysed 
on 2% agarose, gels containing 0,5 ng/ml ethidium 
bromide. The target gene samples were loaded on 
the gel first and rim in at 3 V/cm for 10 min. The 
corresponding albumin samples were . then loaded 
and'the gel run for a further 1/2 h. In this way, all 
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Fig. 1. Final displays of difrercntialJy expressed genes that 
were (1) upregulated and (2) downregulaicd in rat (A) and 
guinea pig (B) livers following 3-day treatment with Wy- 
i 4,643. mRNA extracted from control and treated livers was 
ised to generate the differential displays using the PCR-Seleci 
DNA subtraction kit (Clontech). Lane (L) is a I Kb DNA 
-adder standard and 10 ^il of secondary PCR reaction were 
oaded in all other lanes. 



RTtPCR products from each target , gene and 
albumin from the corresponding samples could be 
run on the same gel. Gels were photographed 
using type 665 pdsi-neg film' (Sigma) and qiianti- 
tafioii of the band intensity was carried out using 
a dii'al wavelength flying spot laser scanner densit- 
ometer . (Shimadzu). 

2:9:' Statisticar analysis ' 

Statistical analysis pf unpaired samples was car- 
ried( out. using the two-tailed Student's /-test. Val- 
ues were considered statistically sienificant at 
P < 0:05 or less; - ' 



■p •( 



3. Results 



t u 



3.1 r Cloning and screening of transcripts 

For both the rat and guinea pig experimental 
groups, cDNA subtraction was carried out in the 
forward (control driving tester) and reverse (tester 
driving control) directions to isolate both upregu- 
lated and downregulated mRNA species respec- 
tively. Using a standard primary hybridisation 
time of 8 h we obtained a , substantial amount of 
non-specific products in all the final differential 
displays (data not shown), ' This background" 
smearing was almost completely removed by re-/ 
ducing the primary hybridisation time to 4' h 
(CLONTECHniques, 1996). Fig. 1 shows the-. 
ddRT-PGR patterns of genes showing altered ex- 
pression in rat and guinea pig liver following 
3-day treatment with Wy-14,643. The profiles are 
unique for each species, and in each case the 
profile for the uprejgulated genes (control mRNA 
driving tester mRNA) is different to that obtained 
for the downregulated genes (tester mRNA driv- 
ing control mRNA). 

The practical outcome of the SSH method is 
that a series of differentially expressed genes is 
observed as a ladder on an agarose gel. The 
majority of these gene fragments fall within the 
150-2000 bp range, with bands up to 5 Kbp 
occasionally being observed. Each band may the- 
oretically consist of one or more products of 
similar size, as the gel has a maximum resolution 
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Fig. 2. Discrimination of diflerent ddRT-PCR products having 
the same molecular size using HA-red. Gel (A) is a 2% 
standard agarose gel. Gel (B) is a 2% standard agarose gel 
containing 1 U/ml HA-red. Band numbers refer to the sequen- 
tial bands (largest to smallest) extracted from the original 
display of genes upregulated in rat liver following 3-day treat- 
ment with Wy.l4,643. Ten micorlitrcs of each PGR reaction 
were loaded per lane. 



of approximately 1.5% (3 bp per 200). In addi- 
tion, there may be two or more products that are 
the same size, but have a different sequence. 



Therefore some form of discrimination must be 
employed to isolate as many of these products as 
possible. HA-red screening (Geisinger et ah, 1997) 
of a number of clones derived: from each band 
provided a means to discriminate between -^ffer- 
ent gene, species of the same size, A typical exam- 
ple of such a gel is shov^ in iFig. 2. In tptal, 88 
and 48 apparently different clones, were obtained 
from the final ^differential ^ expression patterns of 
upregulaited and downregulated .rat genes,* respec- 
tively. Sixty nine; and 89 apparently different 
clones were obtained from ^the ffinali differential 
expression pattems^ of the upregulated and idown- 
rergulated giiinea pig genes, respectively. 

Having identified as many different candidate 
gene products as possible in^the screening^ step h a 
isecorid screening step was carried out ^ on. every 
clone to confirm those that represented true dif- 
ferentially expressed genes. This is necessary since 
no subtraction technique is 100% efficient. The 
approach we used, termed PCR-select differential 
screening (as recommended in' Cloritech'sTCR-se- 
lect cDNA subtraction kit pr6tocol)i utilises the 
foi^ard and reverse subtractions as an aid to 
screening for the true differentially exjpressed 
geiies (CLONTECHniques, 1997). Because these 
probes have already undergone subtraction, they 
have been enriched for differentially ' expressed 
genes and are therefore more sensitive than un- 
subtracied driver/tester bDNA probes fbi: detect- 
ing true differential expression. All the clones that 
were isolated from each display were dbtblotted 
and probed with the display from Which they was 
obtained, plus the corresponding ' reverse-sub- 
tracted display. An example of such a blot is 
shown in Fig. 3. Clones corresponding to authen- 
tic differentially expressed mRNAs hybridised 
with the subtracted cDNA probe,^ but ,not the 
reverse-subtracted probe. We also included in the 
authentic positives, those clones that gave a sub- 
stantially greater signal with the subtracted probe 
compared to the reverse-subtracted probe. False 
positives hybridised with either both probes or 
with neither probe. Of the original 88 upregulated 
and 48 downregulated rat clones selected for this 
screening step, 28 (32%) and 15 (31%) respec- 
tively, were found to be true positives. In the rat, 
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8 (100%) of the true positive upregulated genes 
Table 2) and 1 1 (73%) of the W positive down-: 
egulated genes (Table 3) were ndhrreduridarit. Of 
he original 69 upreigblated anil 89 doVwiregulated 
uinea pig clones' selected for this screening step, ' 
8 (70%) and 37 (42%) respectively, were found to' 
e true positives. Thirty six (75%) of the upregu- 
ited genes (Table 4) and 33 '(89%) of the down- 
jgulated genes (Table 5) were non-redundant. 

2. Identification of clones 

* ' ' *" ' ' , 
On sequence analysis it was found thkt some 
ones were unsequencable in the first instance 
413 forward primer) due to long polyA runs 
at appeared to prematurely terminate the se- 
jencing reaction. These' clones were therefore 
sequenced from the opposite direction using the 
13 reverse primer. Those xenobiotic-modulated 
ne products identified to date are listed in Ta- 
^s 2 and 3 (rat) and Tables 4 and 5 (guinea pig). 




3. Dot blots of clones of putative upregulated gene species 
ted from guinea pig liver following 3-day treatment with 
14,643. All clones identified in the stage I screening step 
methods) were blotted and probed with (A) the differen- 
dispiay from which they originated (control driving 
;d) and (B) the reverse subtraction (treated driving con- 
Arrows indicate some of the true differentially expressed 

3 • 



IdcnUfication of genes thai were upreguteted in malc rat liver 
followmg 3wlay ireaunent with WY-14.643- 



FASTA-EMBL gene 
identification (rat un- 
less otherwise.stated) 



Sequence 
homology* (%) 




AA038051 



Carnitine octanoy! 
transferase 

NCI.CGAP.Ul (^. HS1275949 

sapiens) (EST**) 
Peroxisomal cnoyl RN08976 
hydratase-like " ' 

protein ' , 
Liver fatty acid bind- , V01235 • 

ing protein - > 
Soares mouse 
p3NMF19.5 M/ ' 
musculus cDNA 
clone 
Cytochrome 

P450IVAI . 
Mit. 3-hydroxyl-3- 
mcthylglutaryl 
CoA synthase 
Rabgeranylgeranyl 
transferase compo- 
nent B 
Genes for 185, 5.8S, 
and 28S ribosomal 
RNAs 
Carnitine acetyl 

transferase (mouse) 
Soares mouse NML 
(EST) 

Bone marrow stromal AA545726 
fibroblast {H. sapi- 
ens) cDNA clone 
HBMSF2E4 (EST) 



RNCYPLA 
RNHMGCOA 



RNRRNA 

MMRNACAR 
MMI157113 



98 



98 



96 



96 



94 



94 



RNRABGERA 94 



94 



92 



92 



92 



7.5dpc embryo 


AA408192 


92 


(mouse) (EST) 




Alpha- 1 -macroglobu- 


RNALPHIM 


91 


lin 




Transferrin 


RNTRANSA 


91 


Leciihinxholesterol 


RNU62803 


90 


acyltransferase 




Zn-a2-glycoprotein 


RN2A2GA 


90 


Scrum albumin 


RNJALBM 


89 


Fructose- 1, 6-bisphos- 


RNFBP 


88 


phaie l-phospho- 




hydrolase 






Soares mouse 


AA 124706 


88 


melanoma (EST) 




(S*^) 






Soares mouse 


AA 154039 


88 


3NbMS (EST) 




(AS^) 
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Table 2 (Continued) 



FASTA-EMBL gene Accession No. Sequence 
identiiicatipn (rat un- homology* (%) 

less otherwise suted) / - * = ^ 



1 .. 



>:I7-^hydroxsteroid de- RN17BHDT2 : 87;,;. , i 



AA038051 



I ■ ; * I 



1 * 



Spares mouse v.. , 

>3NMF19.5J]CT . . ^ - 
Peroxisomal enoyl- " RNPECOA ^ 
; e<^:hydraiase^3- - "^'^'^'-^^vi 
hydroxyacyl CoAV; , : 
bifunctional enzyme : ^ 

. Integral membrane , 545012 . .^ 

protein, TAPA-1 . 
'':' (CD81) (mouse) ' 
Sbares mouse lympH " -MM AA88445 ' 
- node (EST) . . . 

r H.; sapiens (doTit L40401 < , r , p 
; 2apl28) mRNA * , 
Lysophospholipase ho-.HSU67963 ' 

mologue (human) 
Soares mouse lymph AA2J7044 - ; 
node (EST) ' ' i 



87 

^85 



81 

81 

r 
I 

76 
74 



, '' Refers to the nucleotide sequence homology between the 
xloncd band isolated from the differential display and the 
corresponding gene derived Ironi the EMBL gerie sequence 
bank. 

''EST is 'expressed sequence tag' — a gene of as yet 
unknown identity and function. 

^ Where sequence homologies were equal in both directions 
of . the isolated band, both the sense (S) and antisense (A) 
identities are given. 



In all cases, both the forward and reverse se- 
quence of the target clones were analysed and the 
gene having the highest statistical homology 
noted. 

3.3. RT-PCR analysis of selected clones 

The results of a typical RT-PCR semi-quantita- 
tion experiment for transferrin in the rat is given 
in Fig. 4 and the results for a total of 12 selected 
genes in both the rat and guinea pig are shown in 
Table 6. 



Table 3 

Idcniificatipn of genes thai were downrcgulatcd in male rat 
liver following 3-day treatment with Wy. 14,643 

FAST-EMBL gene Acdessioh No. Sequeboe ' j':^^ 
identification (rat unv ' .JiomologyT>(Vo) 

less: otherwise stated) ' ^ 



NCI.CGAP.Lii (//.. AA484528 

sapiens) (ESr^XS*]) ' 

NCI_CGAPjPrl (H: AA469320 

:^^sapieris) (EST)(AS*^) ; ! \ v 

UPP-glucuronosyl-r r ; : RN06273 . 

transferase 
: (UGT2B12) 

Complement cbmpo- ' RN(r3 

•nent c3 ' ^r? i 

Soares mouse pla- , L -AA023305 ^ 

centa (S) ■ ] o--;»t. . 
Ape. (chimpanzee) 28S, PTRGMC 

rRNA (AS) 
Rat CVP2Cll RNCiYPMI- 
Ribosbmal protein S5 RNRPS5 



> ' 1 J. 

r ■ ! "i , 



99 • 

99^ !■.•>. 

98 



96 
96 

> 

96 



95 
94 



t f ' I 



RNTraYr l i; ; 94 



RNCCP23 



Transthyretin:. 
:Contrapsin-like 
. protease inhibitor, 
.Prostaglandin F2a (S) RN26663 ' ' 
^2-microglpbuIin RNB2MR 
*'(AS)'''^ ' \ ' 
Apolipoprotein G-lII RNAPOA02 
Parathymosin-alpha RN 1 1 2NBP 
(2inc2 "^-binding 
protein) 



1 > 



89 

84^ 

82 
75 



- i 



"Refers to the nucleotide sequence homology between the 
cloned band isolated from the differential display and the 
corresponding gene derived from the EMBL gene sequence 

bank.' 

'^EST is ^expressed sequence tag' — a gene of as yet 
unknown identity and function. ^ " 

^ Where sequence homologies were equal in both directions, 
both the sense (S) and antisense (A) identities are given. 



4. Discussion 

It is now apparent that all cancers arise from 
accumulated genetic changes within the cell. Al- 
though documenting and explaining these changes 
presents a formidable obstacle to understanding 
the different mechanisms of carcinogenesis, the 
experimental methodology is now available to 
begin attempting this difficult challenge. In order 
to begin the elucidation of the molecular mecha- 
nisms involved in non-genotoxic hepatocarcino- 



i. 



I * 1 t * ' * V ' ^ 



enesis, ^we. ha ve used SSH to ideniifyia number of 
enesrthat .are* upregulated or downregulatediin: 
laleUrat fHnd guinea ipig livers = following i short, 
irmi exposure? to the PP,* AVy-14;643: We have 
sedithe rat model to represent a species suscepti- 
le to it he non-genotoxic ^carcinogenic effect of 
Ps and the' guinea pig as a resistant species 
Drton' et al., 1984; Rodricks and Turhbiili, 19'87; 
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Lake et al.,' 1989; Makowska et;al.; 1992; 'Lake et'? 

al., 1993).:-.. v^i. T- '.i-u;. ■ t.;; '.i.,:r,;".o 

Gurskaya. €t. al. '(199Q^who' originally- .devel- 
'■■ oped ithe SSH lechnique; cloned ^ the' 'jirbducts 'of 
the secondary PGR' reaction and scfeehed ^a small • 
number- <)f randomly sel&ted coldriies 'for ^ differ-- 
• entially expressed clones usih^ northern ^hybridisa-^ 
tion;-Hbwever;rive 'decided against this 'apprbkch^'- 



1 1 



iblc 4 



1 'f 



ientification of genes that were upregulated in male guinea pig liver foIJowirig 3-<lay treatniwit wth WY-14;^3 

A - ^ • ■ • • • •' • ' .■ . ...... 

ASTiA-EMBL gene idehtyication (guinea- pig unless, otherwise stated) 



. r! 

1 i 4 



; • Accession No: . - 1 ^Sequence r 
- . J; homology" (%). 



Jit) 



arboxylesterase ^ ^ ^ 
Dmplement C3 protein (GPC3) 

ytosolic aldehyde dehydrogenase (sheep) ^ : . 

atalasc (hunwn) j , » . : , j r i 

itochondhal aspartate aminotransferase (pig) 
ongation factor- 1 -alpha (rabbit) . 

CI.CGAP_Br2 /f. sapiens cDNA clone (EST) (Similar to chick mit. phosphoenolpyni 
vate carboxykinase) - . ■ ^ 

Ipha-l-antiproteinase S 

'-formyltctrahydrofoiale dehydrogenase, (rat) - , . 

bosomal protein X6 (rat) 

ares pregnant uterus Nb (EST) (mouse) 

' ^ . . . ' ' ' ' 't • . , 

itochondrial citrate transport protein (human) 

toplasmic chaperonin hTRiC5 (human) 

pha-l-antiproteinase F 

nerogeneous nuclear ribonuclearprotein cl/c2 (human) 
ares parathyroid tumour (EST) (similar to human serum albumin precursor) 
.-atagenc mouse kidney (EST) 

ares parathyroid tumour NbHPA human cDNA (EST) 
ares mouse mammary gland (EST) 
3NA clone 15 004 (EST) (human) 
ares senescent fibroblasts (EST) (mouse) 
^prealbumin (human) 
)NA clone 73 169 (EST) (human) 
•amin D-binding protein (human) 
)oH gene (exon 8) (human) 
-RL flow sorted chromosome 
ares foetal liver spleen (EST) (mouse) 
ares foetal hean NbMH19W (EST) (mouse), 
ares foetal heart NbHH19W H, sapiens cDNA clone (EST) 
enylalanine hydroxylase (human) 
Mine-S-carboxylate dehydrogenase (human) 
■jtathione-5-transfera$e homologue (human) 
n.CGAP.GCBI (EST) (human) 
)iective protein (human) 
)ne 27 375 (EST) (human) 

aiagcne colon ( # 937 204) H. sapiens cDNA clone (EST) 

Refers to the nucleotide sequence homology between the cloned band isolated from the differential display and the correspond 
gene derived from the EMBL gene sequence bank. 



AdUIUo34 


97 


JV1>4U>4 


97 




92 


A /O. t . . : . 


.89 




89 




88 


AAJO t**JD 


87 




83 


IVl J70u 1 . : 




ys7in7 




A A 1 f 

r\n. I jOoh / 


83 


L77567 


80 


U17104 


80 


M57271 


77 


D28382 


77 


AA860651 


76 


AA 107327 


■ 75 


AA860653 


74 


AA6I9297 


74 


HO 1826 


74 


W52190 


74 


E04315 


72 


T56624 


72 


LI0641 


71 


Y 1 1498 


71 


B05457 


71 


AA009524 


71 


AA009421 


69 


W94377 


67 


U49897 


67 


U24266 


66 


U903I3 


65 


AA769294 


65 


M22960 


64 


N37046 


62 


AA 149777 


62 
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Tabic 5 

Identification of genes that were downregulated in male guinea / 
pig liver following 3-day treatment with WY- 14,643 



FASTA-EMBLigcnc . Accession 'No. \ Sequences: . 
identification (guinea i ' ' '. --5homoIpgy^t,(%) 

pig unless otherwise .:';;*^~ »./ • - s,, . * f 

suted) ^^■V':-.^ --^'^r,).' .J 



X044P9 
IAA586309, 
D13668 

.X00270 
E00116 

K03020 . , 

P38595 

AA849753 



Complement C3 : > M34054 

protein ^ ^.-^^ 
Murinoglobulin- / . . D84339. 
AlpKail-an. • ;. :.M57271. 

tiproteihase F > ■ « , * 
Elongation factbr-al* • X62245', 

pha-'l (rabbit) ^ . 
Coupling proteinic 
"(human) : - .y 
NCrCGAP-Qvl, 
(EST^) ;(human) . 
Lecithinxholesterol 
^acetyl transferase 
(rabbit):. , 
Aldolase B (human) 
Anti*thrombin III 

(human) 
Phenylalanine by* ^ 
droxylase (human) 
Inier-a-trypsin in- 
hibitor (human) 
Normalised rat mus- 

;ClC (EST) (S*=) 
Normalised rat ovary AA801059 

(EST) (AS*-) 
Complement factor Xp0284 , 
Ba fragment (hu- 
man) , 
Dihydrodiol dehydro- U05598 

genase (human) 
Spot 14 gene (thyroid- Y08409 
inducible hepatic 
protein )(human) 
BAC clone 174pl2 

(human) 
Mitochondria] alde- 
hyde dehydroge- 
nase (human) 
Preproalbumin (hu- 
man) 
NCI.CGAP_Pr9 

(EST) (human) (S) 
Normalised rat pla- 
centa (EST) (AS) 
Heparin sulfate pro- 
teoglycan (human) 
cDNA clone 33 992 
(EST) (human) 



AC004236 
X05409 

i 

E04315 

AA533142 

AA85I197 

J0462] 

R24330 



97 

•' , • 

.95 

,...88 

< 1 ; 

89, 
.88 
.,87 
85 

84 
80 

80 

79 

78 

78 

77 

76 

.75 

75 
74 

74 - 

74 

74 

73 

73 



Table 5 (Continued) 



FASTA-EMBL gene 
identification (guinea 
pig unless othcnyise 



Accession No. Sequence 



stated)u 1 



Retinol dehydrogenase . U33501 

'.(rat) ■■ ' 
TAPAtI integral mera-.S450l2 

brane* protein 

.(CD81) (mouse) 



71 



... ... n 



■ - • i . ■• 



> 1 



Complement compo-. .M35525 70 

nent c5s 



, - u> ,69 . , . 

. ... - '68.,... 



Oo 



Apo.lipoprotein B, (pig); LI 1235, 
cDNA clone 143 9J 8 -;-R76742 

(EST) (human) , , 
a-fibrinogen^ (human)'. ,.K02569. 
Scares :foetai liver W03726 
: spleen 1-NF i(mouse). . 

Barstead bowel (EST), AA232049 !"''^ 6 ' * ' 

(mouse)^ , 

UDP^glucuronosyl t. AF0309i37; . " 66 
transferase (cat) 

Myeloid leukaemia cel].L08246 

diiTercntiation ' " ' 

protein (MCL-1) 
: (human) (Sj ''" ' ' ' ; 

STS SHGCt34 ?87,;(hu- 6^7984 

man) (AS) . . ' /' 
Soares mouse ' AA222798 

3NME125^ /' '/ *' - ' 
Siratagene mouse em- AA 199420 

bryonic (EST) (S) . 
Rad 52 (mousc)^ , AF004854 



65 



65 
64 

64" 

63 



''Refers lo the nucleotide sequence' homology between the 
cloned band isolated from the differehtial display and the 
corresponding gene derived frbrn' the EMBL gene sequence 
bank. * : . ^ , . 

'' EST is 'expressed sequence tag* — a gene of as yet 
unknown identity arid function 

Where sequence homologies were equal in both directions, 
boththe sense (S) and aniisense (A) identities are given. 

for several reasons: (1) the kinetics of ligation and 
transformation favour the isolation of smaller 
PGR products, thereby producing a misrepresen- 
tation of larger gene products; (2) northern blot 
analysis is notoriously insensitive and is unlikely 
to confirm expression of rare transcripts; (3) there 
is no measurable end point to the screening of 
clones produced in this way other than to analyse 
every transformed colony. We used instead an 
alternative approach; after running out the differ- 
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ential display on a W agarose , gel 

(Fig. l)^arid p versus with SYfiR Green I to 
enhance visualisation, the composite bands were 
individually extracted, reamplified and' cloned: 
However, It has been well documented that single 
bands from differential displays often contain a 
heterogeneous . mixture of diflerent products 
(MathieurDaude et al., 1996; Smith et al., 1997). 
This is . because, polyacrylamide gels cannot dis- 
criminate-between DN A sequences that differ in 
size by less than; about 0 /(SkmV^^ 
1989). High-resolution agarose gels *s^ as those 
used in this work are even less sensitive, normally 
Dnly discriminating products that differin size' by 
at least 1.5%. The use of the HA-red ■screening 
step enables resolution of identical of nearly jden- 
:ical sequences based on their AT content (Wawer 
it al., 1995) and is sensitive down to < 1% differ- 
mce. Furthermore, it is rapid, technically simple 
md does not require the use of radiolabels. 
jeisinger et al. (1997) originally demonstrated the 
isefulness of using HA-red to identify different 
products cloned from the same band of an RNA 
iifferential display experiment by simultaneously 
unning them in normal agarose (to discriminate 
ly size) and in normal agarose containing HA-red 
to discriminate by AT content). We have found 
hat this approach is equally useful for identifying 
ifferent gene species cloned from the same band 
f our SSH display. 

Diatchenko et al. (1996) reported that SSH is 
ighly efficient at producing differentially ex- 
ressed gene species. However, we also included a 
?cond screening step to further confirm that the 
iones isolated from the differential display were 
ideed differentially expressed. Duplicate dotblots 
r the candidate clones were blotted with the 
isplay from which they were originally isolated 
id with the 'reverse subtraction' display. To 
lake the reverse-subtracted probe, the subtractive 
ybridisation step of the procedure was carried 
ut using the original tester cDNA as a driver, 
id the original driver cDNA as a tester. In this 
ay, clones that are false positives can be iden- 
led through their presence in both blots. Such 
Ise positives most commonly arise through hav- 
g a very high abundance in the initial sample or 
lusual hybridisation propenies (Li et al., 1994). 



Although. : the SSH .method itself >has.< .be^' 
shown xo be efficient, arid despite thei screening' 
step that we included, there is^ari iniportarit ck^al 
V to bear/m niihd - namely that it'is important 
that ,all clones . be considered only as 'candidates' 
: until the,„actual , .abundance . of . their raRNA ; is 
quantitated in treated and control samples. To- 
wards this end, we exaniined the expression^ of a" 
limited number of clones' using semi-quantitative. 
RT-PCR. VVlbumin was Mseil' as^the reference gene 
as we have .previously found that the.expression 
of this gene does not lappear to change witb the" 
treatment regime that we used (Fig. 4, and data 
not shown), there are a number ^of.inWesting' 
points to' note from our resaits.; the , fi^^^ is^ihe ' 
presence ,of genes that serve as appropriate posi- 
tive controls in the upregulated and downregu- 
lated series. For example, in the rat it can be seen 
that CYP4AI expression increases 14-fold follow- 
ing treatment. Although CYP4AI mRNA expres- 
sion levels following WY- 14,643 treatment have 
not been previously reported in this model, the 
figure compares favourably with that recorded by 
Bell et al. (1991), who used RNAse-protection to 
quantitate CYP4AI in rat liver following treat- 
ment with methylclofenapate, another PP. In ad- 
dition, we also confirmed that the peroxisomal 
enoyl-CoA:hydratase-3-hydroxyacyl-CoA bifunc- 
tional enzyme is also upregulated 9-fold, in agree- 
ment with the findings of Chen and Crane (1992). 

A number of genes were downregulated follow- 
ing Wy- 14,643 exposure, including CYP2C11 ex- 
pression. Corton et al. (1997) reported similar 
findings and suggested that this may in part ex- 
plain why male rats exposed to Wy- 14,643 and 
some other PPs have high serum estradiol levels, 
as estradiol is a substrate for CYP2C1 1. We have 
also shown that the expression of con trapsin -like 
protease inhibitor (CLPI) was downregulated by 
Wy- 14,643. this has not previously been reported, 
and we suggest that it may be linked to a require- 
ment for increased availability of amino acids to 
accommodate the hepatomegaly induced by treat- 
ment. Although little is known of the function of 
parathymosin-a, (zinc- + -binding protein) it has 
been shown to interact with the globular domain 
of histone HI, suggesting a role in histone func- 
tion (Kondili et al., 1996). In contrast to the 
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Fig 4. Semi-quantitative RT-PCR experiment showing relative decrease in expression of transferrin in treated rat liver (KT-l to 
RT-4) compared to controls (RC-1 to RC-S). An equal amount of mRNA was used in each reaction (iO Sj and «1 «mnL Ll, 



downregulation observed in this work, other stud- 
ies have shown that parathymosin-a expression is 
elevated in breast cancer (Tsitsilonis et al., 1993, 
1998), with the implication that parathymosin-a 
may somehow be involved in regulating cell pro- 
jferation by more than one mechanism. Transfer- 
rin has previously been shown to be 
downregulated in rat liver by hypolipidemic PPs 
Hertz et al., 1996). It is therefore interesting to 
lote that we isolated a clone identified as transfer- 
in from the upregulated display profile. Since we 
;onfirmed by RT-PCR that transferrin is in fact 
lownregulated in the rat (Fig. 4), we conclude 
hat transferrin was either a false positive or was 
ncorrectly identified. It could also be that we 
lave isolated a close relative, splice variant or 
5oform of transferrin, which demonstrates a dif- 
arent expression profile under these experimental 
onditions. Further investigations are therefore 



required to determine which of these possibilities 
are correct. 

One of our most intriguing observations was 
that one gene, CD81, appeared to be upregulated 
in rat liver but downregulat^d in guinea pig liver 
following Wy- 14,643 exposure. CD81 is a widely 
expressed cell surface protein that is involved in a 
large number of cellular functions, including ad- 
hesion, activation, proliferation and differentia- 
tion (reviewed by Levy et al., 1998). Since all of 
these functions are altered to some extent in car- 
cinogenesis, ii is perhaps an important observa- 
tion that CD81 expression is differentially 
regulated in a resistant and sensitive species ex- 
posed to a non-genptoxic carcinogen. 

Albumin and ribosomal genes appear common 
to all differential displays and are thus undesir- 
able false positives. However, due to their high 
expression in the liver, they are difficult to re- 
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nove. We also noted a number of gene species, 
particularly in the guinea pig, which were com- 
mon to both upregulated and downregulated 
profiles. Again, the most likely reason for these 
laving arisen is their high abundance. 

A relatively large number of upregulated and 
iownregulated genes were isolated from guinea 
)ig liver following Wy- 14,643 exposure. However, 
he guinea pig genome has been relatively poorly 
haracterised and so many of the clones were 
dentified as resembling genes or ESTs from other 
pecies. Without full-length sequence data it is 
ifficult to ascertain the accuracy of the assigned 
lentities and this must be borne in mind when 
tilising data such as this, for example, in design- 
ig effective primers for RT-PCR studies. Al- 
lough the actual isolated clone sequences can be 
sed to do this, their relatively small size often 
;stricts the ability to design effective primers. In 
ddition, as we observed with transferrin, using a 
ublished full-length sequence may help to iden- 
fy false positives. 

ible 6 

mi.quaniitative RT-PCR analysis of selected gene species in the rat and guinea pig« 



By comparing the expression profiles of genes 
showing altered expression in a PP-sensitive spe- 
cies (rat) with a PP-resistant species (guinea pig), 
it was our aim to identify genes that are mecha- 
nisticaUy relevant to the non-genotoxic hepatocar- 
cinogenic action of Wy-14,643. However, few of 
the genes that we have isolated were common to 
both the rat and the guinea pig. This suggests 
either that the molecular mechanisms of response 
in these two species are so different that few genes 
are commonly regulated in response to Wy-14,643 
exposure, or that we have recovered only a small 
proportion of those genes that have altered ex- 
pression. The latter seems the more likely scenario 
since it is perceived that one of the main problems 
of subtractive hybridisation and other differential 
expression technologies is the inability to consis- 
tently isolate rare gene transcripts (Bertioli et al.. 
1995). This is potentially problematic in that 
weakly expressed genes may play an important 
role in regulating key cellular processes, and that 
the majority of mRNA species are classified as 



anscript 



Putative change of expression following 
treatment according to dotUot 



Change according to RT-PCR 
quantitation 



Rat 



Guinea pig Rat 



Guinea pig 



oumin 

unctional enzyme 
T2C11 

T4AI 
talase 

)8i (TAPA-1) 



N/A 
Up 

Down 

Up 

N/A 

Up 



ntrapsin-like protease inhibitor Down 



aihymosin-a (zinc^* binding 

jrotein) 

-nsferrin 

>P-Glucuronosyl transferase 

-vnUnknown-1 
a2-glycoproiein 



Down 

Up 

Down 

Down 
Up 



N/A 
N/A 
N/A 

N/A 

Up 

Down 



N/A 

N/A 

N/A 

N/A 

N/A 
N/A 



No change 

Upregulated* (9x ) 

Downregulated* 

(Abolished) 

Upregulated* (14 x) 

No change 

N/0 



Downregulated** 

(0.5 X) 

Downregulated** 

(0.6 X ) 

Downregulated* 

(0.5 X) ^ 

Downregulated** 

(0.2 X ) 

No change {F = 0.06) N/D 

No change N/0 



No change 

N/0 

N/D 

N/D 
N/0 

Upregulated**(1.4 

X ) 

N/D 



N/D 



No change 
N/0 



N/A, not applicable; N/0, not optimised; N/D, not done 

0.0005; 
' P<0.05. 
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.^TtViin^abundance (Bertioli et al., 1995). How- 
ever, in ;their original paper describing the SSH 
tcclpique,. Gurskaya et al. (1996) demonstrated 
thkt SSH can enrich rare molecules between 1000- 
and 5000-fold in a single round of hybridisation. 
Unfortunately, due to high background smearing 
in our initial experiments (which hindered identifi- 
cation of single bands), we were compelled to 
reduce the^ primary hybridisation time tp only 4 h ^ 
— a step that theoretically is likely to reduce the 
number of rafe sequences' (GLONTECHniques,^ 
1996). Furthermore, it has beeq^ claimed .by the 
manufact'urieris that, ■ Whilst this technique cati^ 
identify changes ; as small .as 'l.S^fold -between/ the 
driver and tester populations, it is best suited to 
the isolation of genes that. show a, greater ^han . 
5-fold increase (CLONTECHniques; 1996). In ad- ' 
dition, where tester and driver, con tain genes with 
large and small differences in abundance, the SSH 
method will be biased towards identifying those 
genes with the large differences (CLONTECH- 
niques, 1996). Thus, it is most probable that we 
have not isolated all of the more rarely expressed 
transcripts and those demonstrating small changes 
m expression. 

One problem that remains is identifying the 
function of genes isolated in SSH experiments as 
described herein, some of which may be,crucial to 
the process of carcinogenesis, and are, to date, . 
unidentified. However, we have provided evidence 
herein that SSH can be used to begin the .process 
of characterising the extent and importance of 
altered gene expression in response to a chemical 
stimulus. The developments of this approach 
should include characterisation of tempdral and 
dose responses, and functional analysis studies 
including knockout mice. In combination, such 
studies should make a significant contribution to 
our understanding of the molecular mechanisms 
of action and physiological relevance of gene reg- 
ulation in non-genotoxic hepatocarcinogenesis. It 
should then be. possible to ascertain whether dif- 
ferentially expressed genes are causally or casually 
related to the chemical-induced toxicity, and 
therefore a substantial mechanistic advance. 

It is clear that there are also broader applica- 
tions for this experimental approach that go be- 
yond understanding the molecular mechanisms of 



peroxisome-proliferator induced non-genotoxic 
hepatocarcinogenesis in rodents. The potential 
medical and therapeutic benefits of elucidating the 
molecular changes that occur in any given cell in 
progressing from the nbraial to the cardhogchic 
(or other diseased, abnormal or developmental) 
state are very substantial. Notwithstanding the 
lack of complete functional identification of al- 
- tered^gene. expression, such, gene .profiling studies 
described' herein essentially provides a 'fingerprint* 
of each' stage.df carcinogerieisis, and should help in 
^the elucidation, of spe?:ific and sensitive biomark- 
ers for different types of canber. '"Amongst other 
benefits, such, fingerprints and biomarkers could 
help uncover differences in histologically identical 
cancers, and provide .diagnostic, tests for the earli- 
est stagW * of ' neoplasia. In 'addition^ thfe '^^^^ 
identified by this approach may be incorporated 
into gene-chip DNA-arrays, thus providing a 
standard genetic fingerprint for a particular toxin 
treatment in a particular species. Interrogation of 
these gene arrays for an unknown compound that 
has a similar pattern to the known reference 
chemical would then provide ' evidence that the 
unknown tnay have a toxicity profile similar to 
the 'standard' fingerprint, thereby serving as a 
mechanistically relevant platform for fiarther de- 
^ tailed investigations. ' " i '-"^ 
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ABSTRACT^ We have developed higb-density DNA nd- 
croarrays of yeast ORFs* These microarrays can monitor 
hybridization to ORFs for applications such as quantiutive 
difTerential gene expression analysis and screening for se* 
quence polymorphisms. Automated scripts retrieved sequence 
information from public databases tto locate predicted ORFs 
and select appropriate primers for amplification. The primers 
ivcre used toramplify yeast ORFs In 96-well plates, and the 
resulting products were arrayed :uslng an automated micro 
iarraying device. Arrays containing up to 2,479 yeast ORFs 
were printed on a single slide. The hybridization of .fluores- 
cently labeled samples to the array were detected and quan- 
dtated with a la^r confocal scanning microscope. Applica- 
tions of the microarrays are shown for genetic and gene 
expression analysis at the whole genome leveL 

The genome, sequencing projects have generated and will con- 
'tinue to generate enormous amounts of sequence data. The 
genomes of Saccharomyces cerevisiae, Haemophilus influenzae (1), 
Mycoplasma genitalium (2), and Methanococcus JanmschU (3) 
,have been completely sequenced Other model organisms have 
had substantial portions of their genomes sequenced as well 
including the nematode Caenorhabditis elegans {4) and the small 
flowering plant Arabidopsis thaliana (5). Given this ever- 
increasing amount of sequence information, new strategies are 
necessary to efficiently pursue the next phase of the genome 
. project&--the elucidation of gene expression patterns and gene 
product function on a whole genome scale. 

One important use of genome sequence data is to attempt 
to identify the functions of predicted ORFs within the genome. 
Many of the ORFs identified in the yeast genome sequence 
were not identified in decades of genetic studies and have no 
significant homology to previously identified sequences in the 
database. In addition, even in cases where ORFs have signif- 
icant homology to sequences in the database, or have known 
sequence motifs (e.g., protein kmase), this is not sufficient to 
determine the actual biological role of the gene product. 
Experimental analysis must be performed to thoroughly un- 
derstand the biological liinction of a given ORFs product. 
Model organisms, such as 5. cenfvuiae, will be extremely 
important in improving our undentanding of other more 
complex and less manipulable organisms. 

To examine in detaD the functional role of individual ORFs and 
relationships between genes at the expression level, this work 
describes the use of genome sequence information to study large 
numbers of genes efficiently and systeniatically. The procedure 
was as follows, (i) Software scripts scanned annotated sequence 
information from public databases for predicted ORFs. (u) The 
start and stop position of each identified ORF was extracted 
automaticaUy, along with the sequence data of the ORF and 200 

The publication costs of this artide were defrayed in pad by page charge 
paymenL This article must therefore be hereby marked "advertisement" in 
accordance with 18 U.S.C fiI734 aolely to indicate this fact 
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bases flanking either side. (uQ These data wm used to autcnnat- 
icalJy select ?CR primers that woiiild amplify the ORF,.(h>) The 
primer sequences were automatically input into the automated 
mukiptex otigonudeotide synthesizer (6). (v) The oligonucleo- 
tides, were synthesized in 9fr-well format, and (W) used m 96'weD 
format to. amplify 'the desired ORFs .from a genomic DNA 
template, (vii) The;products were arrayed using a highndensity 
DNA arraycr (7-10). The gene arrays can be used for hybridiza- 
tion with a variefy of labeled products s^ as cDNA for gene 
expression analysis cir genomic DNA for strain comparisons, and 
genomic mismatch scannix^ purified DNA.for genotypiqg (11). 

^METHODS ! 

Script Design. All saipts were written in UNIX Tool Command 
Language. Aimotated sequence information from GenBank was 
extracted into one 'file containing the conq>]ete nucleotide se- 
quence of . a single dxromosome. A second file contained die 
assigned ORF rsame followed by the start and stop positions of that 
ORF. The actual sequence contained within the specified rai^ 
along with 200 bases of sequence flanking both sides, was mractcd 
and input into the primer selection p rogr am primer as (White- 
head Institute, Ek)Ston). Primers were designed so as to allow 
amplification of entire ORFs. The selected primer sequences were 
read by the 96-well automated m^ultiplcx oligonucleotide synthe- 
sizer instrument for primer synthesis. The forward and reverse 
primers were synthesized in two separate 96-weU plates in corre- 
, spending wells. All primers were synthesized on a 20>nmol scale. 

ORF Amplification and PurlTication. Genomic DNA was iso- 
lated as described (12) and used as template for the amplificatkm 
reactions. Each PCR was done in a total volume of 1 00 /d. A total 
of 0.2 /iM each of forward and reverse primers were aliquoted into 
a 96-weU PGR plate (Robbins Scientific, Sunnyvale, CA); a master 
mix containing 0.24 mM each dNTP, 10 mM Tris (pH 8.5), 50 mM 
MgOi, 2.5 units Tag polymerase, and 10 ng of template was added 
to the primers, and the entire mix was thermal cyded for 30 cycles 
as follows: 15 min at 94**C, 15 min at 54*^. and 30 min at 72^ 
Products were ethanol precipitated in polystyrene v-bottom 96- 
well plates (Cbstar). All samples were dried and stored at -2G^ 

Arraying Procedure and Processing. Microarrays were 
made as described (8). 

A custom built arraying robot was used to print batches of 48 
slides. The robot utilizes four printing tips whidi simultaneously 
pick up «•! ^ of solution from 96-well microliter plates. After 
printing, the microarrays were rehydrated for 30 sec in a humid 
chamber and then snap dried for 2 sec on a hot plate (lOOX). The 
DNA was then UV crosslinked to the surface by subjecting the 
slides to 60 millijoules of energy. The rest of the poly-L-lysine 
surface was blocked by a 15-min incubation in a sohition of 70 mM 
succinic anhydride dissolved in a solution consisting of 315 ml of 
l-methyl-2-pyrToltdinone (Aldrich) and 35 ml of 1 M boric add 
(pH 8.0). Directly after the blocking reaaion, the bound DNA 
was denatured by a 2-min incubation in distilled water at -95**C 

Abbreviation: YEP, yeast cxtraa/pcptone. 

tTo whom reprint requests should be sent at the present address: 
Synteni, Inc., 6519 Dumbarton Ctrde, Fremont, OA 94555. 
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• T**'^*^' « microarray contain- 

mg 2,479 cJcmcnts (ORFs). TTic ccmcr-iCHcentcr distance between 
clcmcnu b 345 ^im. A probe mixture consisting of cDNA from yeast 
cxirart/pcptone (YEP) galactose (green pseudocolor) and YEP elu- 
cose (red pseudocolor) grown yeast cultures was hybridized to the 
array Intensity per element corresponds to ORF expression and 
pseudocolor per element corresponds to relative ORF cxorcssion 
between the two cultures. ^pression 

The slides were then transferred into a bath of 100% cthanol at 
room temperature. 

Probe Preparation: cDNA. Yeast cultures (100 ml) were grown 
to -1 ODamo and loul RNA was isolated as described (13) Up 
to 500 ^ig totaJ RNA was used to isolate mRNA (Oiaeen 
Chatsworth. CA). Oligo(dT)20 (5 Mg) was added and anncalcS lo 
^ ^{^^^ ^ ^"^8 ^« reaction to 70^ for 10 min and 
quick chilhng on ice, phis 2 /J Superscript U (200 uniis/uJ) (Life 
Technologies, Gaithersburg, MD), 0.6 SOx dNTP mix (final 
concentrauons were 500 /iM dATP. dCTP, dGTP. and 200 uM 

rSl?Vrn^^A I"*^.'^ and 60 mM Cy3-dUTP or 

c>5^UTF (Ameisham). Reaoions were carried out at 42"C for 

h w "^^^ degraded by the addition of 03 

5 M NaOH and 03 /d 100 mM EDTA and heating to 65X for 
10 mm. The sample was then diluted to 500 m1 with TE and 
concentrated using a Microcon-30 (Amicon) to 10 

Probe Preparation: GeDomic DNA. Fluorescent DNA was 
prepared from total genomic DNA as foUows: 1 /ig of random 

nMr^!L °"*?""*'*^°^''*f ^"^^^^ " Mg of genomic 
DNA. This mature was boiled for 2 min and then chilled on 
ice. A reaaion mbmire containing dNTPs (25 uM dATP 
dCTP, dGTP. 10 mM dTTP, and 40 mM Cy3-dUTP or' 
Cy5-dUTP) reaction buffer (New England Biolabs), and 20 
units exonudease free Klenow enzyme (United States Bio- 
chemical) was added* and the reaction was incubated at 3rc 
for 2 h. The sample was then diluted to 500 mI with TE and 
concentrated using a Microcon-30 (Amicon) to 10 m1 

Hybridization. Purified, labeled probe was rcsuspended in 11 
MJof3^X SSC containing 10 ^Escherichia co&iJW\ and 03% 
SDS. lYit sample was then heated for 2 min in boiling water 
cooled rapidly to room temperature, and applied to the array Hie 
amy was placed in a sealed, humidified, hybridization chamber 
Hybndizauon was carried out for 10 h in a 62T water bath, after 
which the arrays were washed immediately in 2x SSC/0.2% SDS 
A second wash was performed in 0.1 x SSC 
Analysis and Quaotitation. Arrays were scanned on a 

microscope developed by Steve 
Smith with software written by Noam Ziv (Stanford Univer- 
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sity). A separate scan was done for each of the two fluoio- 
phorra used. The images were then combined for analysis. A 
boundmg box, fined to the size of the DNA spots, was placed 
over each array element TTie average fhiofescent intensity was 
calculated by summing the intensities of each pixel present in 
a bounding box and then dividing by the total number of pixels. 
Local area background was calculated for each array element 
by determining the average fluorescent intensity at the edge of 
the boundmg box. To normalize for f luorophore-spedficvari- 
ation control spots containing yeast genomic DNA were 
applied to each quadrant during the arraying process. TTiese 
elements were quantitated and the raUos of the signals were 
determmed. These ratios were then used to normalize the 
photomultiplier sensitivity settings such that the ratios of the 
V"?^^'* °^ °NA spots were close to a value 

rLl^ Bi^tn spot was 

regarded as significant if it was at least two standard deviations 
above background. Each experiment was conduaed in dupli- 
cate, with the fluorophores representing each channel re- 
versed. The ratios presented here are the average of the two 
experiments, except in the case in which the signal for the 
element m question was below the reliabUity threshold. The 
rehabihty threshold also determined the dynamic range of the 
expenroem. For all of the experiments presented, the averaee 
dynamic range was -1 to 100. In the case where the fluorra- 
cence from a very bright spot saturates the detector, differ- 
ential ratios wiU. in general, be underestimated. ThU can be 
compensated for by scanning at a lower overall sensitivity. 

RESULTS 

The accumulation of sequence information from model organ- 
o^/."!!*!"", ^"J?™"!" opportunity and chaDenge to under- 
stand the biological function of many previously uncharaaerized 
genes. To do this accurately and efficiently, a directed stratesy 
was developed that enables the monitoring of multiple gei^ 
S' nM f ''- ^^"^S technology provides a liethSd by 
which DNA can be attached to a glass surface in a high-densii^ 
formal (8) In practice, it is possible to array over 6,000 elemenu 

of -6 100 ORFs^ the enure set of yeast genes can be spotted onto 
a smgle glass slide. ^ 

With this capability and the availability of the entire se- 
quence of the yeast genome, our strategy was to use a directed 
approach for generating the complete genome array. This 
procedure involved synthesizing a pair of oligonudeotide 
primers to amplify each ORF. The PCR product containing 
each gene of interest was arrayed onto glass and used for 
example, as probe for monitoring gene expression leveb by 
hybridizing to the array labeled cDNA generated from isolated 
mRNA of a culture grown under any experimental condition. 

Pnmer Selection and Synthesis. The primer seleoion was fully 
automated using Tool Command Language scripts and primes 
oj. (Whitehead). Pnmer pairs were automatically selected sue 
cessfuDy for >99% of the ORFs tested. Primer sequences can thus 
be selected rapidly with minimal manual processing. A complete 
set of forward and reverse primers were seleaed iniUaUy for each 
ORF on chromosomes I. U, III, V. VI, VIII, DC, X, and XI 
Primers for a represemative set of ORFs (15% coverage) were 
Chosen for the remaining chromosomes. With the release of the 
entire yeast genome sequence, the complete set of primers has 
now been seleaed. 

Because each ORF requires a unique pair of synthetic primers, 
a tota^^ of approxunately 12,200 oligonucleotides will be requir^ 
to mdividually ampUfy each target. TWs cosUy component was 
addr«ed with the automated multiplex oligonucleotide synthe- 
azcr (6) which efficiently synthesizes primers in a 96-well format 
tach pnmer, synthesized on a 20-nniol scale, provides enough 
matenal for 100 amplification reattions, whereas a given PcS 
produa provides enough material to generate an element on 
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YLR142 
' . YOL140 
. YGL148 
YFU)14 
YBR072 
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YLR259 
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YBL075 
, YPL240 
*:YDR2$8 
YNL007 
YEUDO 
YHR064 
YBL008 
. YBL002 
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YBR009 
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PUT! 
ARG8 
AR02 
HSP12 
HSP26 
YR02 
HSF30 
SSA4 
HSP60 
SSE2 
SSA3 
HSP82 
HSP78 
SISl 



HIRl 
HTB2 
HTA2 
HHTl 
HHFl 
HXT6 
HXT4 
PHOn 
KIN2 
RPS8B 
RPSlOl 
CRYl 
RPlOA 
RPUIB 
RPS8A 
URP2 
URPl 
RPLAO 
SUP44 



Desoytion 

Proline wt^ ggf 

Acctyloraithinc aininotransfense 
. — Chorisinate synthase 
Heat shock protein 
Heat shock protein 

Similarity to HSP30 heat shock protein Yrolp 
Heat shock protein 
Heat shock protein 

Mitochondrial heat shock protein HSP60 
^ Heat shock protein of the HSP70 family 
cytoplasmic heai shock protein 
Heat shock protein 

70-kDa heat shock protein ' i . ^ ; 

Heat shock protein : ' 

Histone transcription regulator ' ' * 

- Histone H2B.2 

Histone H2A.2 
Histone H3 
Histone H4 

High-affinity hexose transporter 
Moderate, to low-affinity glucose transporter 
Secreted acid phciphatasc. 56 kDa isozyme ' 
Ser/Thr protein kinase ' ' 

Kibosomal protein S8.C - ' ■ , 

Ribosomal protein S6.e ' | 

40S ribosomal protein S14.c 
Ribosomal protem S3.a.c 
Ribosomal protein L36ax 
Ribosomal protein S8.e 
' Ribosomal protein 
Ribosomal protein L21.e 

Acidic Ribosomal protein U0.C 
Ribosomal protein 
Hypothetical protein 
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500-1,000 arr^ Thus, a single primer pair provides cnourii 
startmg material for up to -5a000 arrays. 

Primers were synthesized to amplify yeast ORFs. Primer 
synthesis had a failure rate of <1% in over 18 plates of 
synthesis as determined by standard trityl analysis f6) The 
ilf^rif amplifications using the primer pairs 

was 94% based on agarose gel analysis of each PCR The 
punfied PCR products were used to generate arrays. Two 
versions of the arrays were aeaied for the experimental results 
presented here. The first array contained 2,287 clcmenis and 
the second array batch contained 2,479 elements. 

Genome Arrays. Tlic amplified ORFs were arrayed onto elass 
at a spaang of 345 microns (Fig. 1). Ihc high^ensity spacing of 
DNA samples allows the hybridization volumes to be nUni- 
tnacd-volumes are a maximum of 10 /d The labeled probe can 
thus be mamtamwl at relatively high concentrations, making 1-2 
Mg of mRNA suffiaent for analysis. This also obviates the need 
for a subsequent amplification step and thus avoids the risk of 
allcrmg the relative ratios of different cDNA spedes in the 
sample. 

Genetic Analysis: Genomic Comparison of Unrelated Strains. 
Microarrays aDow efficient comparison of the genomes of dif- 
ferent strans. Genomic DNA from Y55, an 5. catMsiae strain 
divcrgcni from the reference strain S288c was randomly labeled 
with cy3-dUTP and hybridized simultaneously with the S28Rr 

a comparison between the 
hybndizauon of the DNA from the two strains was done, several 



elemaite gave relatively little or no signal above background iroib 
.eJ^^ channel (data not shown). These include SGEi 

tNA2). and YCR105. TTiese results imply that the reeioiB 
COTtammg th«e genes are extremely divcisent, or all tosetha 
detaed from the strain. Subsequent attempts to gen^tflS 
products from SGEl. ENA2. and ASP3A using Y55 DNA fjS 
TTiis result supports the conclusion that these genes are likely to 
be missmg from the Y55 genome. It is interesting to note A« « 
least two of the regions absem in the Y55 gerome tote beS 

strains (14-16). In pamcular, the Asp-3 region appean to be 
highly prone to being deleted (15. 16) 

*/• can be used to efficiently 

screen different strams of an oiganism for large deletion oohC 

reveal differen^^ 

based on differential hybridization to particular elementilt fa 
reasonable to suppose ttot an equivalent number of genes are 

S'Zfn 1^ ^T* " ^288c genSme. TTiis 

r^h should be viewed as a muiimum estimate of the deletion 
potymoiphBins ttot exist between these two unrelated strains u 
intergenic deletions or small intragenic deletions would not be 
detected because considerable hybridizing material would be 
remain. Sequence polymorphisms, such as deletions, are present 

ri.f°'!lll"°^ "^^'y *P^« « some Icvelafltet 

°^ challenges of the genome era wiU be to 
cnUaUy examine sequence polymorphisms ttot exist in the 
natural gene pool relative xo the reference genome sequenoT 
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Gene Expression Analysis. The arrays were used to examine 
gene cxprcssioo in yeast grown under a variety of different 
conditions. Expression anaJtysis is an ideaJ application of these 
arrays because a single hybridization provides quantitative cxpres- 



TabJe 2. Cold shock vs. control expression data 



' Fig. 2. ORF categories displaying dif- 
ferential expression between heat shocked 
and untreated cultures^ Bars within cate- 
gories correspond to individoal ORFs. 
Green shaded bars correspond to relative 
increases in ORF expression under 25X: 
growth conditions. Red shaded bats cor- 
respond to relative increases in ORF ex- 
pression under 39*0 growth conditions. 



sion data for thousands of genesi to bcncr understand results for 
genes of known function, ORFs were placed in biologically rele- 
vant ategones on the basis of function (e.g., amino add catabolic 
genes) and/or pathways (eg., the histidine biosynthesis pathway) 
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YHR064 
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YBR072 
YCR021 
YDR343 
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YFR053 
YHR092 
YHR094 
YHR089 
YLR048 
YLR441 
YUj045 
YLR029 
YGU23 
YBR067 
YEROll 
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KAR2 
HSP78 
UBI4 
HSP104 
SSA4 
TPSl 
HSP82 
YR02 
HSP26 
HSP30 
HXT6 
HXT5 
HXKl 
HXT4 

Hxn 

GARl 
NABIB 
RPlOA 
RPL4B 
RPU3A 
SUP44 
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TIRl 



Description " 

Plciotropic drug resistance protein \ — _ 

Phosphoglycerate kinase 
Aldohexosc specific glucokihasc 
Heat shock protein 
Nuclear fusion protein 

Mitochondrial heat shock protein of cipb family of ATP-depcndent proteases 
Ubiquuin precursor 
Heat shock protein 
Heat shock protein 

a. a-Trchalosc-phosphatc synthase (UDP-forming) 
Heat shock protein 

Similarity to HSP30 heat shock protein Yrolp 

Heat shock protein 

Heat shock protein 

High-affinity hcxosc transporter 

Putative hexose transporter 

Hexokinase I 

Moderate- to low-affmiiy glucose transporter 
Low-affinity hexose (glucose) transporter 
Nucleolar rRNA processing protein 
40S ribosomal protein p40 homoiog b 
Ribosomal protein S3a.c 
Ribosomal protein L7a.e.B 
Ribosomal protein L15.c 
Ribosomal protein 

Cold- and heat-shock-induced protein of the Srpl/Tiplp family 
Cold-shock-induced protein of the Tirlp, Tiplp family 
Hypothetical protein 
Hypothetical protein 
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YBR085 
YDR298^ 
YBR039^ 
YMLQ54 
YMljQ54 
yKL150 
YBL045 
yDlj0iS7 
YLR638^ 
YHR051 
yLR395 
YFR033' 
YLR681 
YBROIS 
YBR02b 
YBR019 
YLR081 
YDRO69 
YML051 
YMLOSl 
yER055 
YBR248 

YaJ030 
YKR080 
YDR019 
YLR058 ' 
YMU23 
YDR408 
YDR408 
YAR015 
YMR300 
YOR128 
YGL234 
YBL015 



ARC4 

GLNl 
ATRl 
ADH2 
ADH5 
AAC2 
AAC3 
ATP5 
■ ATP3 
CYB2 
CYB2 
MCRl 
CORl 
COX9 
C0X12 
C0X6 
COX8 
QCR6 
GAU 
GAL7 
GAU 
GALIO 
GAU 
GAU 
GAL80{1) 
GAL80(2) 
HISl 
HIS7 

HIS4 
MTDl • 
GCVl 
SHM2 
PH084 
AD£8 ' 
ADE8 
ADEl 
ADE4 
AOE2 
ADE5.7 
ACHl 



Description 



Arginosucdnatii lyase 
( ■^Glutaznate-flmmonta ligase 1 - . . - , r"\ 
^ ^ Aminotriazote and 4-nitroqUinoline resistance protein 
' ^ Alcohol debydrogtnase II ^ -ir 
Alcohol deliydrogenase V . 1 i. 
\ ADP, ATP carrier protem 2 : . r y 

; ADP, ATP diTrier protein . 

; H '^-transporting ATP synthase 6 chain precursor 
^;Jil*-transponing ATPJsyiithase 7 chain precursor , 

- - Lactate dehydrogenase cytochrome 62t: J " ' i 

Laaate dehydrogenase cytochronw 62 ^ . 
" '■ ' Cytochrome-#5 reductase - - 

Ubiquinol-cytoctiromer reductase 44K core protem . , 

^ ' cytochrome c oxidase chain^VIIA ' ' ' - 1 • 

cytochromes oxidase; subunit VIB 

Cytochrome c oxidase subunit VI 

- ' Cytochrome c oxidase chain VIU . m. 

• ' Ubiquinol-cytochromc c reduaase 17K protein 
Galactose (and glucose) permease 

UDP-glucose-hcxose-1 -phosphate UTidylyltransferasc 
Galaaoktnase ' 

UDP-glucosc 4-cpimerase 
' ' Galaaose (and glucose) permease . ^ 
' Galactoldnase <■ • ^ > , . . 

. \. '^'cgativc regulator for expression of galaciosc-induced genes 
- Negative regulator for expression of galactose-induced genes 
- ATP phosphoribosyltransferase 

Glutamine amidotransferase/cydase 

' Phosphoribosyl-AMP cyclohydrolasc/phosphoribosyl-ATP pyrophosphatasc/histidinol 
' dehydrogenase 

' Methylenetetrahydrofolatc dehydrogenase (NAD+) 
Glycine decarboxylase; T subunit 
Serine hydroxymethyltransferase " 
; - High-affinity inorganic phosphate/H * symporter 
Phosphoribosylglycinamide formyliransferase (GART) 
Phosphoribosytglycinainide formyliransferase (GART) 

Phosphoribosytamidoimidazole-succinocarboxamidc synthase 
Amidophosphoribosyltransferase 

Phosphoribosylaminoimidazole ca rboxyiase 

Phosphoribosylaminc-glycinc ligase and phosphoribosylformylglydnamidinc cydo-ligasc 
Acetyl-CoA hydrolase 



Heat Shock Results. A log phase culture growing in YEP/ 
dextrose medium at 25''C was split in half. One half of the 
culture remained at 25X whereas the other half of the culture 
was shifted to 39*C. mRNA was isolated from both cultures 1 h 
after heat shock for comparison on microarrays and, although 
this time point is not optimal for measuring induaion of heat 
shock mRNAs (17), many known heat shock genes exhibited 
considerable induction at this time point (Table 1; Fig. 2). 
Down-regulation of genes in the nbosomal protein and histone 
gene categories was also observed. Differentia] expression 
between the heat-shocked culture and the control was also 
observed for many other genes. Genes in many categories, such 
as amino acid catabolism and amino acid synthesis, exhibited 
a mixed response with some genes showing little or no 
differential expression and other genes showing a significant 
increase or decrease in gene expression in response to heat 
shock (Tabic 1; Fig. 2). 

Cold Shock Results. A log phase culture growing in YEP/ 
dextrose medium at 3TC was split in half. One half of the 
culture remained at 3T'C while the other half of the culture was 
shifted to 18^C mRNA was isolated from both cultures 1 h 
after cold shock for comparison on microarrays. As expected. 



two known cold shock genes (TIPl, TIRl) were expressed at 
a significantly higher level in the cold-shocked culture. Genes 
in other functional categories, such as glucose metabolism and 
heat shock displayed a mbted response with expression of some 
genes being unaffected and other genes exhibiting significant 
up- or down-regulation in response to cold shock (Table 2). 

Steady-State Galactose vs. Glucose Results. mRNA was 
isolated from steady-state log phase YEP galactose and YEP 
glucose grown cultures for comparison on the microarrays. As 
expected, the GAL genes were expressed at a much higher 
level in the galactose culture. Many genes were differentially 
expressed in these cultures thai were not a priori expcacd to 
exhibit differential expression. For example, some genes in the 
amino acid catabolic category were up-regulated in the galac- 
tose culture whereas genes in the one-carbon metabolism and 
purine categories were largely or entirely down-regulated in 
the galaaose culture (Table 3). Genes in other categories, such 
as amino acid synthesis, abc transporter, cytochrome c, and 
cytochrome 6. exhibited mixed responses; some genes in, a 
category showed little or no obvious differentia] expression 
whereas other genes in the same category showed significant 
differential expression in the galactose and glucose cultures. 



13062 Genetics: Lasbkari er at 

; DISCUSSION 

ll^.results^of these experiments show that many j^ncs ait 
difiisTentiaDy. exp^^ the thite envtnnunental condi- 
tions dcsod^ed here. The expected and prufiaed changes in gene 
eaqpxtsskm, such' as HSP12 is the heat-slmied cultuxe, 7IP1 in 
the cpld-sbocKed cuhure, and GAL2 in the steady^atc galactose 
aifture, were observed in every case. However, in addition to the 
c^)ected changes in grae expression, signLScant differentia] 
cxpresrion was also observed for many bther gena that would 
not, a prion, be expected to be differcntiaJly "expressed. For 
example, expression of PHOll decreased and expTession*^C 
YLR194, KIN2, and HXT6 increased in the heat shodced cultmj? 
Bqnession of MSTl and APE3 decreased and expression of 
PDR5 and GARl mcreased in the cold-shocked culture. In * 
addition, ADE4 and SER2 were expressed at reduced levels 
wliereas PH084 and ACHl were expressed at higher levels in 
cells grown in galactose compared with cells grown m ghjcose. 
Differentia] expression of tbese and many other genes'was specific 
to one of these three environmental conditions, 
r Many other genes were found to be diffcrcntiaDy expressed 
under more than one condition. When differentially expressed 
genes in cold- and heat-shocked cultures were compared, 30 
genes were found in conunon. Of these 30 genes, 28 showed 
inverse expression (ix.. increased expression under one condition 
ai£dccTeased expression under the other condition). Two cenes. 
YCRm and YKU02, showed elevated expression in respo^ 
both cold and heat shock. Fifteen genes were found to be 
differentially expressed m both the heat-shocked and steady-state 
galactose cultures: 9 genes showed increased expression and 5 
showed decreased expression under both conditions. Twenty 
geiies were differentially expressed in both the cold-shocked and 
steady-state galactose cultures: 8 genes showed decreased expres- 
sion and 5 genes showed increased expression under both con- 
ditions. Six genes showed increased expression in the galaaose 
culture and decreased expression in the cold shocked culture 
One gene (ODPl) showed increased expression in both the 
cold-shocked and steady-state galaaose cultures. 

Gene expression is affected in a global fashion when environ- 
mental conditions are changed and both cxpeaed and uncx- 
peaed genes are affected. TTicre is also overlap in the genes that 
are differentially expressed under quite different environmental 
condiuons. These results can be rationalized by considering the 
high degree of cross-pathway regulation in yeast. For example, 
there is evidence for cross-pathway regulation between (i) carbon 
and nitrogen metabolism (18), («) phosphate and sulfate metab- 
olism (19), and (w) purine, phosphate, and amino add metabo- 
lism (20-24). TTicre are also examples of the interaaion of 
general and specific transcription factors (25, 26). Finally, within 
the broad class of amino add biosynthetic genes, there is evidence 
for ammo add spedfic regulation of some genes, regulation via 
general control for other genes, and regulation via both specific 
and genera] control for other genes (22, 27-30). 

Cross-pathway regulation arises from the complex siruaure 
of promoters. Virtually all promoters contain sites for multiple 
trariscription factors and, therefore, virtually all genes are 
subject to combinatorial regulation. For example, the HIS4 
promoter contains binding sites for GCNA (the general amino 
add control transcription factor). PH02/BAS2 (a transcrip- 
tional regulator of phosphatase and purine biosynthetic 
genes), and BASl (a transcriptional regulator of purine bio- 
synthetic genes) (31). It is likely that the complex effecu on 
gene expression described in this work are a dirca consc- 
quence of the combinatorial regulation of gene expression. 

These fmdings iUustratc the power of the highly parallel whole 
genome approach when examining gene expression. The global 
effects of environmental diange on gene expression can now be 
directly visualized It is dear that determining the mechanisra(s) 
and the funaional role of the dramatic global effects on gene 
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expression m different cnvironmcnis wiD be a significant dial- 
lenge. TTie era of whole genome analysis win ultimately aUoMr 
rcseardiers to switdi from the very focused single gene/pro 
view of gene exprcs&m and instead view tii cdl more K 
complex network of gene regulatory pathwayi 

Wth the entire sequence of this model organism known, new 
approadie bcOT devdoped that aDow for genome wide 
analyses (32. 33) of gcne function. The genome miaoaniS 
represent a novel tool for genetic and expression analysis of the 
)«ast gCTonw. TTiis pilot smdy uses arrays containing >35% of 
the yeast ORFs and n is dear that the entire set of ORFs frxm 

^ be arrayed using the directed primer based 
stratqgy detafled here. Recent advances m anayinfi tedmoloffv 
wiU a^ow aD 6.100 ORFs to be arrayed in an area^/l^^ 
an . Furthermore. M^the tedmology improves, detection limits 
will allw lesthanSOO ng of sta^ mRNA material to be 
for makmg prc*e. 

The genome arrays provide for a robust, fully automated 
approach toward examining genome struaure and gene func- 
tion. TTiey allow for comparisons between different genomes 
as well as a detailed study of gene expression at the global level 
This research will help to eluddatc relationships betwcdi 
geries and allow the researcher to understand gene funciioh bv 
understandmg expression patterns across the yiast genome. 

W/hSS" ^"^'"^ Natibnal Insiimic$ of Health 
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Exploring the Metabolic and Genetic Control of 
Gene Expression on a Genomic Scale 

Joseph L. DeRisi, Vishwanath R. Iyer. Ratrick O., Brown* 

DMA microarrays containing virtually every gene of Sacc/jaromyces cerevisiae were used 
to cany out a comprehensive Investigation of the temporal program of gene expression 
accompanying the metabolic shift from fermentation to respiration. The expression 
profiles observed for genes with known metabolic functions pointed to features of the 
metabolic reprogramming that occur during the diauxic shift, and the expression patterns 
of many previously uncharacterized genes provided clues to their possible functions The 
same DNA microarrays were also used to identify genes whose expression was affected 
by deletion of the transcriptional co-repressor Ti;P7 or overexpresslon of the transcrip- 
tional activator YAPh These results demonstrate the feasibility and utility of this ao- 
proach to genomewide exploration of gene expression patterns , 



Xhc complete sequences 6f nearly a dozen 
microbial genomes arc known, arid in the 
next several yean we expect to know the 
complete genome sequeiKes of several 
metazoans, including the human genome. 
Defining the role of each gene in these 
genomes will be a formidable task, and un- 
derstanding how the genome functions as a 
whole in the complex natural history of a 
living organism presents an "even greater 
challenge. 

Knowing when and where a gene is 
expressed often provides a strong clue as to 
its biological role. Conversely, the pattern 
of genes expressed in. a cell can provide 
detailed iiiformation about its state. Al- 
though regulation of protein abundance in 
a cell is by no means accomplished .solely 
by regulation of mRNA, virtually all dif- 
ferences in cell type or state arc correlated 
with changes in the mRNA leveb of many 
genes. This is fortuitous because the only 
specific reagent required to measure the 
abundance of the mRNA for a specific 
gene is a cDNA sequence. DNA microar- 
rays, consisting of thousands of individual 
gene sequences printed in a high-density 
array on a glass microscope slide (J, 2), 
provide a practical and economical tool 
for studying gene expression on a very 
large scale (3*6). 

Sacchawmyces cerevisiae is an especially 

Department of Biochemistry. St^iford University Sc^iooJ 
of Medicine. Howard Hughes Medcaf Institute. Stanford 
CA 94305-5426. USA. 
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favorable organism in which to^'coiuJuct a 
systematic investigation of gene expression. 
The genes are easy to recognize in the ge- 
nome sequence, cis regulatory elements arc 
generally compact and close to the tran- 
scription units, much is already known 
about its genetic regulatory mechanisms, 
and a powerful set of toob is available for its 
analysis. 

A recurring cycle in the natural history 
of yeast involves a shift from anaerobic 
(fermentation) to aerobic (respiration) me- 
tabolism. Inoculation of yeast into a medi- 
um rich in sugar is followed by rapid growth 
fueled by fermentation, with the production 
of ethanol. When the fermentable sugar is 
exhausted, the yeast cells turn to ethanol as 
a carbon source for aerobic growth. This 
switch from anaerobic growth to aerobic 
respiration upon depletion of glucose, re- 
fencd to as the diauxic shift, is correlated 
with widespread changes in the expression 
of genes involved in fundamental cellular 
processes such as carbon metabolism, pro- 
tein synthesis, and carbohydrate storage 
(7). We used DNA microarrays to charac- 
terize the changes in gene expression that 
take place during this process for nearly the 
entire genome, and to investigate the ge- 
netic circuitry that regulates and executes 
this program. 

Yeast open reading frames (ORFs) were 
amplified by the polymerase chain reaction 
(PCR), with a commercially available set of 
primer pairs (8). DNA microarrays, con- 
taining approximately 64CX) distinct DNA 
sequences, were printed onto glass slides by 



using a .siir^lc robotic printing device (9). 
Cells from an eqxmcntially growing culture 
i of yeast were inoculated . into fresh medium 
- and grown at 30^C for-Zl houn; . After an 
' . initial,9.hours of growth, samples were har- 
vested at seven successive 2-hour. intervals, 
and mRNA was isolated (JO). Fluorescently 
labeled cDN A was prepared by reverse tran- 
scription in thc;. presence of Cy3(green)- 
or Cy5(red).labeicd dcoxyuridine triphcM- 
phate (dUTP) ( J J ) and then hybridized to 
the microarrays , (12). To maximizei the le- 
liability with which changes in e3q>resttQn 
levels could be discerned, we labeled cDNA 
prepared. from celb at each successive time 
point with Gy5, then mixed it with a Cy3.- 
labels "reference" cDNA sample prepared 
from celb harvested at the first interval 
afrer inoculation. In this experimental de- 
sign, the relative fluorescence intensity 
measured for the Cy3, and Cy5 fluo'is at 
each array element provides a reliable mea- 
sure of the relative abundance of the corre- 
sponding mRNA in the two cell popula- 
tions (Fig. 1). Data from d\e series of seven , 
samples (Fig. 2), consisting of more than 
43, OCX) expression-ratio measurements, 
were organized into a database to facilitate 
efficient exploration and artalysis of the 
results. This database , is. publicly available 
on the Internet (13). 

During exponential growth in glucose- 
rich niedium, the global pattern of gene • 
expression was remarkably stable. Indeed, 
when gene expression patterns between the 
first two cell samples (harvested at a 2-hour 
interval) were compared, mRNA leveb dif- 
fered by a factor of 2 or more for only 19 
genes (0 J%). and the largest of these dif- 
ferences was only 2.7-fold (14). However, as 
glucose was progressively depleted from the 
growth media during the course of the ex- 
periment, a marked change was seen in the 
global pattern of gene expression. mRNA 
leveb for approximately 710 genes were 
induced by a factor of at least 2, and the 
mRNA leveb for approximately 1030 genes 
declined by a factor of at least 2. Messenger 
RNA leveb for 183 genes increased by a 
factor of at least 4. and mRNA leveb fat 
203 genes diminished by a factor of at least 
4. About half of these differentially ex- 
pressed genes have no currently recognized 
function and arc not yet named. Indeed, 
more than 400 of the differentially ex- 
pressed genes have no apparent homobgy 
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to any genie whose function is known (15). 
TKevrespoiues crf^ these previously' unchar- 
acterized genes to the diauxic shift therefore 
provides die first small clue to their possible 
roles. .. . - 

' The. global view, of changes in expres- 
sion of genes with known fanctions pro- 
vides a vivid picture of the way in which 
the cell adapts to a changing environ* 
mwit;' Figure 3 shows a portion of the yeast 
metabolic- pathways . involved in carbon 
and energy metabolism. Mapping. , the 
changeis we observed in the mRNAs En- 
coding, each eiuyme onto this framework 
allowed lis to. infer the redirection in the 
flow of metabolites through this* system. 
We observed large inductions of the genes 
coding for the enzymes aldehyde dehydro- 
genase (ALD2) -and acetyl-coenzyme 
A(CoA) synthase (ACSJ), which func- 
tion together to conven the products of 
alcohol dehydrogenase into acetyl-CoA, 
which in turn is used to fuel the tricarbox- 
ylic acid (TCA) cycle and the glyoxylate 
cycle. The concomitant shutdown of tran- 
scription of the genes encoding pyruvate 
decarboxylase, and induction of pyruvate 
carboxylase rechannels pyruvate away 
from acetaldehyde, and instead to oxalac- 
ctate, where it can serve to supply the 
TCA cyde^ and gluconcogencsis. Induc- 
tion of the pivotal genes PCKJ, encoding 
phosphoenolpyruvate carboxykinase, *and 
FBP J , encoding fructose 1 ,6-biphos- 
phatase, switches the directions of two key 
irreversible steps in glycolysis, reversing 
the flow of metabolites along the revers- 
ible steps of the glycolytic pathway toward 
the essential biosynthetic precursor, glu- 
cose-6-phosphate. Induction of the genes 
coding for the trehalose synthase and gly- 
cogen synthase complexes promotes chan- 
neling of glucose-6-phosphate into these 
carbohydrate storage pathways. 

just as the changes in expression of 
genes encoding pivotal enzymes can pro- 
vide insight into metabolic reprogram- 
ming. the behavior of large groups of func- 
tionally related genes can provide a broad 
view of the systematic way in which the 
yeast cell adapts to a changing environ- 
ment (Fig. 4). Several classes of genes, 
such as cytochrome c-related genes and 
those involved in the TCA/glyoxylatc cy- 
cle and carbohydrate storage^ were coord i- 
nately induced by glucose exhaustion. In 
contrast, genes devoted to protein synthe- 
sis, including ribosomal proteiru, tRNA 
synthetases, and tratislation, elongation, 
and initiation facton, exhibited a coordi- 
nated decrease in expression. More than 
95% of ribosomal genes showed at least 
twofold decreases in expression during the 
diauxic shift (Fig. 4) (13). A notewonhy 
and illuminating exception was that the 



-genes. encoding mitochondrial ribosomal 
genes were generally induced rather than 
reprised after glucose limitation,' hi^- 
lightii^ the requirement for mitchondrial 
'biogenesis (J3). As more is rlcarneid about 
the: functions of every gene-in the yeast 
genome, the ability to gain insight-into a 
cell's response to a changing environment 
through its global gene expression patterns 
will become' increasingly powerful. - * ' - 

Several distinct temporal patterns of ex- 
pression, could .be recognized, and sett of 
genes could be -grouped on the basis of the 
similarities in their expression patterns. The 
^characterized memben of each of these 
groups also shared important similarities^ in 
their functions. Moreover, in most cases, 
common regulatory mechanisms could be 
inferred for sets of genes with similar expres- 
sion profiles. For example, seven genes 
showed a late induction profile, with mRNA 
• levek increasing by more than ninefold at 
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Ac l»t timi^oiht tut less than threefbU at 
.preceding tiraqwim (Rg; 5B): ^ of 
««e^knowh ID be: glu^we^. 

^^^'.^ !!r^ of ^ KviEh were previously 
noted to share a con)m<m,up«ieam activat- 
ing sequence (UAS).rAe caibon source «. 
spoiise element (CSRE) (l«0). A sMich 
in the promoter n^wis of the remaining two 
genes, . -AGRI and IDP2, Sealed dm 
ACRi, a gene essential for ACSl activity, 
alM possessed a cbrwriisus CSRE rnottf but 
intei«i^gly,:iDP2 did riw; A search of the 
entire .yeast genome sequence for. the con- 
sensus CSRE modf Revealed only fbur addi- 
tional candidate genes, none of which 
showed a iimilar indiictioii ' r.'' ^ ' 

vHxamplcs frcim^^ additional grcnjps of 
genes that shared expression prxsfiles are 
illustrated in Fig. 5; <> through F The 
sequences iipsttcam; of the named gene* in 
Fig. 5G ,all' contain stress response ele- 
ments (STRE), and with the exception 
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Pig. 1. Yeast genome microarray. The actual size of the microarrav is 1R mm ia ^ 
m-croarray was primed as described (9). This image Zs o^S SiJ, Csa™ flZs^ 
scanning confocal microscope used to collect aU the data we ^lo^m^l^^^^^ 

oensny oi <& X 10" cells/ml and media glucose tevel of 19 o/litert bv reverss tran»^n«iJ, k. m!I 
presence of CyS-dUTP. Similariy. a second probe was prepa^re^ mR^ fe^SS ^ 
from the same culture 9.5 hours later (culture density of -2 x iS- « StJSS^f^ 

"^^^ expression at the Initial timepoint) is rWreMmMTa^ 
srgnal. and hybridaatran of CyS-dUTP-labeled cONA (that is. mRtS* ex^K^n ai 9 S h^.S^ 

Zr^™^"! '^'^ ''S™*- '«P'essed after the^^^shS itSSLS 

^age as red and green spots, respectively. Genes expressed at roughly eaiaSL^SS^ 
the diauxic shift appear In this image as y«yow spote ^ 
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of HSP42, have previously been shown to 
be controlled at least in pan by these 
elements (2J-24). Inspection of the se- 
quences upstream of HSP42 and the two 
uncharacterized genes shown in Fig. 5C, 
YKL026c, a hypothetical protein with 
similarity to glutathione peroxidase, and 
YGR043c, a putative cransaldolase, re- 
vealed that each of these genes also pos- 
sess repeated upstream copies of the stress- 
responsive CCXXTT motif. Of the 13 ad- 
ditional genes in the yeast genome that 
shared this expression profile [including 
HSP30, ALD2, OM45, and 10 uncharac- 
terized ORFs (25)], nine contained one or 
more recognizable STRE sites in their up- 
stream regions. 

Tht heterotrimeric transcriptional acti- 
vator complex HAP2,3A has been shown 
to be responsible for induction of several 
genes important for respiration (26-28). 
This complex binds a degenerate consensus 
sequence known as the CCAAT box (26). 
Computer analysis, using the consensus se- 
quence TNRYTGGB (29), has suggested 
that a large number of genes involved in 
respiration may be specific targets of 
HAP2,3A (30). Indeed, a putative 
HAP2,3A binding site could be found in 
the sequences upstream of each of the seven 
cytochrome c-related genes that showed 
the greatest magnitude of induction (Fig. 
5D). Of 12 additional cytochrome c-related 
genes that were induced, HAP2,3,4 binding 
sites were present in all but one. Signifi- 
cantly, we found that transcription of 
HAP4 itself was induced nearly ninefold 
concomitant with the diauxic shift. 

Control of ribosomal protein biogenesis 
is mainly exerted at the transcriptional 
level, through the presence of a common 
upstream-activating element (UAS ) 
that is recognized by the Rapl DNA-bind- 
ing protein (3 J, 32). The expression pro- 
files of seven ribosomal proteins are shown 
in Fig. 5F. A search of the sequences 
upstream of all seven genes revealed con- 
sensus Rapl -binding motifs (33). It has 
been suggested that declining Rapl levels 
in the cell during starvation may be re- 
sponsible for the decline in ribosomal pro- 
tein gene expression {34)- Indeed, we ob- 
served that the abundance of RAPl 
mRNA diminished by 4.4-fold, at about 
the time of glucose exhaustion. 

Of the 149 genes that encode known or 
putative transcription Actors, only two, 
HAP4 and SIP4, were induced by a factor of 
more than threefold at the diauxic shift. 
SIP4 encodes a DNA-btnding transcrip- 
tional activator that has been shown to 
interact with Snfl, the "master regulator" of 
glucose repression (35). The eightfold in- 
duction of 5IP4 upon depletion of glucose 
strongly suggests a role in the induction of 



downstream genes at the diauxic shift. 

Although most of the transcriptional 
responses that we observed were not pre- 
viously known, the responses of many 
genes during the diauxic shift have been 
described. Comparison of the results we 
obtained by DNA microarray hybridiza- 
tion with previously reponed results there- 
fore provided a strong test of the seruitiv- 
ity and accuracy of this approach. The 
expression patterns we observed for previ- 
ously characterized genes showed almost 
perfect concordance with previously pub- 
lished results (36). Moreover, the differ- 
ential expression measurements obtained 
by DNA microarray hybridization were re- 
producible in duplicate experiments. For 
example, the remarkable changes in gene 
expression between cells harvested imme- 
diately after inoculation and immediately 
after the diauxic shift (the first and sixth 
intervals in this time series) were mea- 
sured in duplicate, independent DNA mi- 
croarray hybridizations. The correlation 
coefficient for two complete sets of expres- 
sion ratio measurements was 0.87, and for 
more than 95% of the genes, the expres- 



sion ratios measured in these duplicate 
experiments differed fay less than a ^ctor 
of 2. However, in a few cases, there were 
discrepancies between our results and pre- 
vious results, pointing to technical limica* 
tions that will need to be addressed as 
DNA microarray technology advances 
(37. 38). Despite the noted exceptiotu, 
the high concordance between the results 
we obtained in these experiments and 
those of previous studies provides confi- 
dence in the reliability and thoroughness 
of the survey. 

The changes in gene expression during 
this diauxic shift are complex and involve 
integration of many kinds of information 
about the nutritional and metabolic state 
of the cell. TTie large number of genes 
whose expression is altered and the diver- 
sity of temporal expression profiles ob- 
served in this experiment highlight the 
challerige of understanding the underlying 
regulatory mechanisms. One approach to 
defining the contributions of individual 
regulatory genes to a complex program of 
this kind is to use DNA microarrays to 
identify genes whose expression is adFfected 



Fig, 2, The section of the ar- 
ray indicated by the gray box 
in Rg. 1 is shown for each of 
the experiments described 
here. Representative genes 
are labeled. In each of the ar- 
rays used to analyze gene 
expression during the diauxic 
shift, red spots represent 
genes that were induced rel- 
ative to the initial timepoint, 
and green spots represertt 
genes that were repressed 
relative to the irtitla) timepoint. 
fn the arrays used to analyze 
the effects of the ftjp7A mu- 
tation and YAP1 overexpres- 
sion. red spots represent 
genes wtnose expression was 
increased, and green spots 
represent genes whose ex- 
pression was decreased by 
the genetic modification. Note 
that distinct sets of genes are 
iTKiuced and repressed in the 
different experiments. The 
compiete images of each of 
these arrays can be viewed on 
the Nemet (73). Cell density 
as measured by optical densi- 
ty (OD) at 600 nm was used to 
measure the growth of the 
culture. 
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by ; inutatibns , in each), putacive icgulatpry 
gene.^ As a test of this snategyi wc:anal^ed 
thc:£^nomewide;'chang^ in fcnc expression 
that rcsultixpxn ^Icdon of die TLV^l gene. 
sTranscriptiohal repression of many^^genesiby 
glucose requires die DNA-binding tepressor 



MigLaiu]:i5 mediatd byrec^iting.iite oah 
saipttonal co-repre&sozs Tupl' and Cycfi/ 
Ssn6:(3^). Tup! has also been implicated in 
rrcpressiqn' of oxygcn-rcgulatcd mating-type- 
<spedric,rand DNA-damage-iiuiucibie genes 
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Fig. 3. Metabolic reprogramnning inferred from global analysis of changes in gene expression. On»y key 
metabolic intermediates are identified. The yeast genes encoding the enzymes that catalyze each step 
in this metabolic circuit are identified by name in the boxes. The genes encoding sucdnyl-CoA synthase 
and glycogen-debranching enzyme have not been expficitfy identified, but the ORFs YGR244 and 
YPR184 show significant ho mology to known sucdnyl-CoA synthase and glycogen-debranching en- 
zymes, respectively, and are therefore included in the correspondir^g steps in this figure . Red boxes with 
white lettering identify genes whose expression increases in the diauxic shift. Green boxes with dark 
green lettering identify genes whose expression diminishes in the diauxic shift. The magnitude of 
induction or repression is indicated for these genes. For multimeric enzyme complexes, such as 
succinate dehydrogenase, the indicated fold-induction represents an unweighted average' of ad the 
genes listed in the box. Black and white boxes indicate no significant differential expression Oess than 
twofold). The direction of the arrows connecting reversible enzymatic steps indicate the direction of the 
flow of metabolic intennediates. inferred from the gene expression pattern, after the diauxic shifi. Arrows 
representing steps catalyzed by genes whose expression was strongly induced are highlighted in red. 
The broad gray arrows represent major increases in the ftow of metabolites after the diauxic shifi 
inferred from the indicated changes in gene expression. 
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Wild-type yeast celk and celb bearing 
a deletion of die TUP J gene (tupi A) were 
grown in paralFel cultures in rich medium 
containing glucose as the carbon source. 
Messenger RNA was isolated from expo- 
nentially growing cells from the two pop- 
ulations and usod to prepare cDNA la* 
beled widi Cy3 (green) and Cy5 (red), 
i-respcctively ( I I): The labeled probes w« 
mixed and simultaneously ^ hybridized' ( co 
'.the microarrayc Red- spots on* the microar- 
?ray ; dierefore represcrited gends ;^ whose 
transcription .was induced in the ti4>J A 
strain, and thus presumably /repressed by 
-Tupl (41). A repriEsentative section of the 
rnicroarray (Fig. 2. bottom middle panel) 
illustrates that the genes whose expression 
was affected by the niplA mutation, were, 
in gcnerair distinct from those induced 
upon glucose exhaustion [complete unages 
of all , the arrays shown in Fig. 2 are avail- 
able on the Internet {13)]: Nevertheless, 
34 (10%) of the genes that were induced 
by a factor of at least 2tafter the diauxic 
shift were similarly induced by deletion of 
TL/Ph suggesting that these genes may be 
subject vto TUPJ -mediated repression by 
glucose. For example, St/C2, the gene en- 
coding in vcrtase, and all five hexose trans- 
porter genes that were induced during the 
course of the diauxic shift were ^similarly 
induced, in duplicate experiments, by the 
deletion oiTUFL 

The set of genes affected by Tupl in this 
experiment also included a-glucosidase, 
the mating-cype-spccific genes MFAi and 
MFA2, arul the DMA damage-induciUe 
WR2 and as well as genes involved 

in flocculation and many genes of unknown 
function. The hybridization signal corre- 
sponding to expression of TUPJ itself was 
also severely reduced because of dtc (in- 
complete) deletion of the cranscripcion unit 
in the mpiA strain, providir^ a ix»itive 
control in the experiment (42). 

Many of the transcriptional targets of 
Tupl fell into sets of genes with related 
biochemical functions. For instance, al- 
though only about 3% of all yeast genes 
appeared to be TUP 1 -repressed by a factor 
of more than 2 in duplicate experiments 
under these conditions. 6 of the 13 genes 
that have been implicated in flocculation 
(15) showed a reproducible increase in 
expression of at least twofold when T\J?l 
was deleted. Another group of related 
genes that appeared to be subject to TUPI 
repression encodes the serine-rich cell 
wall mannoproteins, such as Tipl and 
Tirl/Srpl which arc induced by cold 
shock and other stresses (43), and similar, 
serine-poor proteins, the seripauperins 
(44). Messenger RNA levels for 23 of die 
26 genes in this group were reproductbly 
elevated by at least 2.5-fold in the xuplL 
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Strain, and. 18 of these genes were induced 
by more than sevenfold when TUP J wai^ 
deleted. In contrast, none of 83 gienes that 
could be classified as putative regulators of 
the cell division, cycle were induced more 
than.twofold by deletion 6rTt/Pll;Thus/ ' 
despite the diversity of the regulatory sys- . < 
terns that employ Tup I, most of the genes 
that it regulates under these conditions 
fall into a limited number of distinct func*^ 
tional classes. i , . ' 

Because the microarray allows lis to* 
monitor expression of nearly every gerie in 
yeast,, we can, tri principle, use. this ap^/' 
proach to identify all the transcriptional 
targets of a regulatory protein like Tupl. It ' 
is itnportanc to note, however,, that in any^ 
single experiment of this kind we can only ^ 
recognize those target genes , that are' nor- 
mally repressed (or induced) under the' 
conditions of the experiment. For in- ! 
stance, the experiment described here jan- 
alyied a MAT a strain iri " which MFAi 
and MFA2, the .genes encoding the a- 
factor mating pheromone precursor, are 
normally repressed. In the isogexiic tupl A 
strain, these genes wiere inappropriately 
expressed, reflecting the role that Tup} 
plays in their, repression. Had we irutead 
carried out this experiment with a MATA 
strain (in which expression of MFAi and 
MFA2 is not repressed), it would not have 
been possible to conclude anything , re- 
garding the role of Tupl i in the repression 
of these genes. Conversely, we cannot dis- 
tinguish indirect effects of the chronic 
absence of Tupl in the mutant strain from 
effects directly attributable to its partici- ' 
pat ion in repressing the transcription of a 
gene. 

Another simple route to rnpdulating die 
activity of a regulatory factor is to ovcrex- 
press die gene that encodes it. YAPi en- 
codes a DNA-binding transcription factor 
belonging to the b-zip class of DNA-bind- 
ing proteins. > Overexpression of YAPI in 
yeast confers increased resistance to hydro- 
gen peroxide, o-phenanthroline, heavy 
metals, and osmotic stress (^5). We ana- 
lyzed dififierential gene expression between a 
wild-type strain bearing a control plasmid 
and a strain with a plasmid expressing YAPI 
under the control of the strong GALl-iO 
promoter, both grown in galactose (that is, 
a condition that induces YAPI overexpres- 
sion). Complementary DNA from the con- 
trol and YAPI overexpressing strains, la- 
beled with Cy3 and Cy5, respectively, was 
prepared from mRNA isolated from the two 
strains and hybridized to the microarray. 
Thus, red spots on the array represent genes 
that were induced in the strain overexpress- 
ing YAP J. 

Of the 17 genes u^ose mRNA levels 
increased by more than threefold when 



YAPI was overexpressed in this way, fiye 
bear, homology to aryl-alcohol oxidoreduc- 
tascs (Rg. 2 .and Table 1). An adclitioiial 
fourpf the genes "in this'sct also l^belbng to 
the . general class of dehydrogcriases/pxi-* 
doreductases.. Very linle i^ known about' 
the role of aryl-alcohol oxidoreductases' in 
S. cerewsiae, tut these enzymes have been 
isolated from ligniriblytic fim^, 'in which 
they participate iri coupled redox rcac- 



mi^t play' flmTampohant protective' 'role 
during oxidiative scrc»^ Transcription of a 
small numberjof genes was reduced! in die 
strain %rexpcssingTaplV Intcrefiiiigly^ 
mapy of these genet ^eticode .sugar pcr- 
meaises or ehrymeis -involved iti inositol 
metabolism. ' " ' ' * ' 

We se^ched for, Yaplrbihdirig sites 
(TT^CTAA or TTGACTAA) in die se^^' 
queiices upstream 'of the target: eenes^ We 



tions. ox iduing aromatic, and aliphatic^ identified «8)/Alx>ui two-thirds bf the' 
unsaturated alcohols to aldehydes with the , genes thiit were inauced by rooie thi>'' 
.p«Kluct.on^of hydrogeh:peroxide «6. 47), , threefold lij^nr Yapl!' overdxp.«iioh " had^' 
The fapt that a remarkable fbctipn of the one of more bindihg' sites Within 600 Kis^- 
targets, identified in this experimiMit be- f upstream of the start <todoh (Tible 1). sub.=' 
loi^ to the same smdl. fijnctional group Of "gesting that they ariTdir^y regulated bv 
oxidoreductases suggests that theie genes Yapl. The ibsenci of canonical Yapl-bind- ■ 
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Fig. 4. Coordinated reg- 
utation.of functionally re- , 
lated genes. The curves 
represent the average in- 
duction or repression ra- 
tios for alt the genes in 
each indicated . group, c 
The total riumber of 
genes in each group was 
as follows: ribosomal 
proteins, 112; translation - 
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l^^^r^- mitochondial synthetases). 17; glycogen and tr«halo^ syn- 
fcSj^^SS^' cytochrome c oxidase and reductase proteins. l£^Wj TCA- and gly2y^ 

Table 1 . Genes Induced by YAPi overexpression. This list includes aO the genes for which mRIM^ levels 
J!^!^^ ^ overexpression in both of twld^^^^^^^ 

Z^^J^"^ in mRNA level in the two experiments was g^tt«^?3bW 

average tok^increase in rnRNA tev^ measured in the tvvo experirnems are h 
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, ing sites upstream of the others may reflect 
\ an abilityi of Yapl to bind sites that idiffer 
^ from, die canonical;binding sites, perhaps in 
cooperation, with other &ctan, or« less like- 
;ly,:niay represent an indirect effcaipf Yapl 
, oyerexpression, mediated by , one or nuore 
. intennedtary factors. Yapl sites, were found 
only four times in the corresponding region 
of an arbitrary set of 30 gencs^diat were not 
differentially regulated by,Yapl. ; 

Use.of a DNA microanay to character- 
;ize , the transcriptional consequences pof 
inutations afifecting the activity of regula- 
• tbry molecules provides a simple and pow- 
, crful approach to dissection and character- 
ization of regulatory pathways and net- 



/ works.. This strategy also has an important 
practical application in drug, screening. 
. Mutations in specific genes encoding can- 
,didaie drug targets can serve as surrogates 
pfpr. the, ideal chemical inhibitor, or modu- 
jlator; of their activity. DNA microarrays 
;Can be used to' define the resulting, signa- 
ture. pattern of alterations in gene .expres- 
r Sion, and then, subsequently used in an 
assay torscreen for compounds, that repro- 
duce the desired signature, pattern. , , 

. DNA microarrays provide a. simple and 
economical > way to , explore gene expres- 
sion ; pattenu on a genomic fccalc»-ffhe 
: hurdles to.extending this approach to any 
; other organism arc minor. The equipment 




Tlmt (hours) 

Rg^Distrnct temporal patterre of induction or repression.help to group genes that share regulatory 
S!?^^^. profile of the cell densrty. as measured by OD at 600 nm andltuaSe 

t^^fTS^^n'^!?^* ^"^^ ^^^^ ^ greater than ninefold) only at 

the last timepont (20.5 hours). Wrth the exception of /DP?, each of these genes has a CSRE UAS Thera 
were no additional genes obsen«d to match this profile. (C) Seven memt)ers of a class of genes marked 
by earV induction with a peak in mRNA levels at 1 8.5 hours. Each of these genes conta^ STBE motif 
repeats m their upstream promoter regions. (D) Cytochrome c oxidase and ubiquinoi cytochrome c 
reductase genes. Marked by an induction coincident wrth the diauxic shift, each of these o^s contains 
a consensus binding motif for the HAP2.3.4 protein complex. At least 17 genes sha^ 
expression profile. (E) SAMT. (3PP7. and several genes of unknown function are repressed b^om tl^ 
diauxic shift, and continue to be repressed upon entry into stationary phase. (F) RIbosomal protein 
genes comprise a large dass of genes that are repressed upon depletion of glucose Each of the 
profiled ^comajrej^ more RAP1 -binding motifs upstream of its promoter. RAPl is a trar^ 
tonal regulator of most rftxksomal proteins. « « a. lawip- 
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required, for fabricating and using DNA 
f itucroarrayi xiahmts rf^ components 
that were chosen for their modest cost and 
«mplicity/ It ^ feasible for a small giaq> 
to accomplish ^ the lamplificatitm of . mote 
than 6000. genes in about 4 months and. 
once the amplified gene sequences were in 
hand, onlyv2 days were required to prim a 
set 110 tmicroarrays of 6400 elemeno 
each. .Probe ^preparation, . hybridiration, 
and fluorescent imaging care iabo simple 
iprocedurcs. Even conceptually simple ex- 
rperimenoc as we described here, can yield 
vast amounts of information.. The value of 
i the. information from each experiment of 
this kind will - progressively ; increase as 
-.more ls learned about the functions of 
.each gene and as additional. experiments 
define the :gloK»l changes in gene expres- 
sion m diverse other natural processes and 
: ger^tic perturbatioru. Perhaps the greatest 
challenge^ iu)w is to develop dftcient 
methods fw organizing, distributing, inter- 
preting, and extracting insigho from the 
large volumes of data these experiments 
wiilprovide.. 
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Prirners lor each ifficMfn or prvSctad protain cote 
Goquenoe were suppled by Research Genaliea. 
PCR was performed with the pro to col tifipliad by 
Flesearch Ger>etics. using genomic DNA ton y«Mt 
^r^^SSC as a template. Each PGR product wos 
^'^'^ by^arose gei electrophoreate «id w« 
deemed correct tf the lane contained a single bmd o( 
appropriate mobUty. Failures were rrwked as aueh 

in the database. The overtf I success rate for a mle- 
pass amplification oJ 61 1 6 ORFs was -94.5%. 

Glass slides (Gold SeaO were deaned lor 2 hoioha 
solution of 2 N NaOH and 70% ethml. Altar rn«^ 
r distiUed water, the slides were then treated with a 
1:5 dikition of poly-L-tysine adhesive toMion (Sto- 
ma) tor 1 hour, and then dried tor 5 n*i at 40^ fc» a 
vacui/n oven, DNA samples lromlOO-»J PGR reac- 
tions were purified by ethand purificatitfi In 9S-wal 
microliter plates. The resulting precipitates wera ra- 
si^spended in 3x standard salrie citrate (SSQ «id 

transferred to new plates tor arraying. A custom-bun 
arraying robot was used to print on a botch of 110 
sWes. Delate of the design of the n^crovrayv m% 
available at cmgm.stantord.Bdu/pbrown. Alter prM- 
ing, the microarrays were rehydrated lor 30 a h a 

humid charrto and then snap-dried tor 2 a on a hoi 
plate (100*C). The DNA was then ultraviolat (UV)- 

crossiinked to the surtace by subjectinQ the aides to 
60 mj of energy (Stratagene Strataftrto). Thereat ol 
the poly-L-lysine surlace vi«s btocked by a 15-if*> 

ncubation in a solution of 70 mM sucdrvc vtfiydMa 
<Ssso»ved in a solution consisting ol 315 frt of 1* 
mefth yl-2-pyrTolidinone (Aldrich) «id 35 rrt of 1 M 
boric acid (pH 6.0}. Directfy after the btod ik tg 
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tion. the bound DMA was denatued by a 2*rT«n in- 
cubation h dtstited woter ct *-95*C. The sides were 
^ then transferred into a bath of 1 00% etharvt at fDom 
. ^teniperature. rnsad; end then spui dry in e cinicd 
jcertrt hiQe. SUd ei were stored in a 
- iDom terrpenAiffe tntl used. * 
iq; .YPO meiSum (B «er»). In a lO-lter 

vessel.:was-inoculat^ wfth 2,nal of a fres^ ow- 
night cuttire otfyeaM Strain OBV72B60^Ta. ura3. 
: QAL2). The ferrnentor was rnaintained at 30*C wflh 
constant agitation and aeration. The glucose con- 
tent of the media was measured wtth a UV test Idt 
(Boehringer Mannheim, catalog number 716251) 
CeD density was measured by OD at GOOm wave- 
length. Afiquots- or culture Were rapiby .withdrawn 
from the femnentation vessel by peristaltic pump, 
spun down at room temperature, and then flash 
frozen with liquid nitrogen. Frozen cells were stored 
at -80^. 

11. CyS-dJTP or CyS-dLfTP (Amersham) was incorpo- 
rated during reverse transcription of l^ .i^g of 
polyadenyteted (poly(A)*J RNA.,primedby*a dT(16) 
otigomer. This mixture was heated to TtTC for 10 
min. arxl then tra nsf erred to ioe. A premixed solu- 
tion, consisting of 200 U Superscript II (Gibco). 
buffer, deoxyribonudeoside triphosphates, and flu- ■] 
orescent nucleotides, was added to the RNA. hiw^' 
cieotides were used at these firul concentrations: 
500 »tM for dATP. dCTP. and dGTP and 200 mW 
for dTTP, Cy3-dUTP and CyS-dUTP were used at ' 
a final cortcentration of 100 »tM. The reaction was 
then incubated at 42*C fa 2 hours. Unincorporat- 
ed fluorescent nucleotides were removed by first 
diluting the reaction mixture with of 470 »J of 10 
mM tris-HO (pH 6.0)/l mM EDTA and then subse- 
quently concentratirtg the mix to -5 |J. using Cen- ' 
tricor>-30 microconcentrators (Amicon). 

12. Purified. lat>eledcONA was resuspended in 1 1 ^1 of 
3.5X SSC containing 10 M,g polyfdA} and 0.3 |J of 
10% SDS. Before hybridization, the solution was 
boiled for 2 min and then allowed to cool to room 
temperature. The solution was applied to the mi- . 
croarray under a cover sttp. and the slide was 
placed in a custom hybridization chamber wtiich 
was subsequently incubated for *8 to 12 hours '€\ 
a water bath at 62*C. Before scanning, slides were 

washed in 2 X SSC. 0.2% SDS tor 5 min. and then ' 
0.05X SSC for. 1 min. Slides were dried before 
scanning by centritugation at 500 rpm in a Beck- 
man CS-6R centrifuge. 

The complete data set is avaflabie on the internet at 
cmgrastanford.edu/pbrowrVexplore/index.htirt 
For 95% of al the genes analyzed, the mRNA levels 
measured in cells han«sted at the first and second 
imen/at alter inocUatipn differed by a factor of less 
than 1.5. The correlation ooeffoent for the compv- 

ison between mRNA levels measwed for aach gene 
in these two dmerent mRNA sampies was 0.98. 
When duplicate mRNA preparations from the s»ne 
cell sampleiwere compared in the same way. the 

correlation coefficient between the expression levels 
measured tor the two samples by comparative hy- 
t>ridization was 0.99. 

The numbers and identities of known and putative 
genes, and their homologies to other genes, were 
gathered from the fdowing pubic databases: Sac- 
chanorrryces Genome Database (genome-www. 
stanford.edu). Yeast Protein Datatase (quest?. 
proteome.oom). and Murach mformatnn Centre tv 
Protein Sequences (speedyjTiipsi)iochem.mpg.da/ 
mips/yeast/index.htrrt(). 

A. Scholer and K J. Sc^uler. Mol. C«£ Biol. 14. 
3613(1994). 

S. Kratzer and K J. SchiAer. Gene 161. 75 (1995). 
R. J. Haseibeck and K L McAlister. j. Biol, Chm, 
266.12116(1993). 

M. Fernandez. E. Fernandez, R RodWo, Mol. Gen. 
Genet 242. 727 (1994). 

20. A.Hartigefrf.,^fcjdWc>tott5flBS.20.5677(l992). 

21. P.M. Martinez ef at. £MSOa 16. 2227 (1996). 

22. J. C. Varela, U. M. Praekett. P. A. Meacock. R. J. 
Planta. W. H. Mager. Mol.C^Biot.^ 5. 6232 (1 995). 

23. H Ruis and C. Schuler. Bioessays 17. 959 (1995). 

24. J. L Parrou. M. A Teste. J. Francois. Microbioloety 
143. 1891 (1997). 



34. 

' ' J 

35.' 



36. 



13. 



14. 



15. 



16. 

17. 
18. 

19. 



25. This expression profite was defined as haviry m 
induction of greater than iO-fold at 18.5 hoirs «id 

• teas than 11-fold at 20 jhoiw.... 

26. .S. L Forsbwg and L Guarente. Genes Osk. 3,.l 166 

-'(19895. r 

27. j; T. OtesenWid L Guarenie. bil 4. 1714 (199(1 

2a. M. Rcxsenkrantz. C S. WL E A. PerwidM^j. De- 

.wnfe^A4tf. AtoDOitf..ia. 119(1994). ' : . , 
29.-.Sirigle-ietier abbreviations for me vnrio acid rei- 

•dues are as fotows: A, Ala; c. Cys: D. Asp; E. Glu; F. 
Phe: G.^ H. His: l. lie: K. Lys: U Uu: M. Met: N. 
Asn: P. ftp: Q. Gm; a Arg; S. Sen T. Thr: V, V* W. 
Trp: and Y. Tyr. The nucleotide codes are as fotowK 
: . f^^-^fJ- T.orC;R^<yQ:afKf..Y^or 

^ a ^"^^ ^ ■Katogeropoutos. Oyrm'^ 
ecso. 12. 363 (1996). -i' . \ ' 

31. ' 0. Shore. T/enoS Genet 10, *408*(1994). 

32. R. J. Planta and H. A. Raue. bid. 4, 64 (1988). 
J3. The degenerate consensus seouence VYCYRNNC- 

' MNH was used to search for potential RAPl-bindrig 
. sites. The exact consensus, as defined by £301. s 
WACAYCCRTACATYW. with up to three difl«nen(> 
(65 slowed. 

S. F. Neuman. S. Bhattacharya. J. R. Broach. MU 
CeB.Biol. 15. 3167 (1995). 

T'li?®^- ^ ^- Cartsoa 4wc?. 16. 1921 

(1996). 

For example, we obsen^ large inductions of the 
■ , genes coding for PCKi, FBPI \Z Yin ef a/.. Mol'. 
M/crobo/. 20. 751 (1996)]. the central glyoxytate 
" cycle gene tCLI (A. Schoter and H. J. Schufler 
Curr. Genet. 23." 375. (1993)). and the "aerobic' 
isoform of acet>4-CoA synthase. ACSI (M. A, van 
. . den Berg ef a/.. J. Biol. Chem. 271 . 28953 (199611. 
^ with concomitant down-regulation of the glycolyt- 
ic-specific genes PYK1 and PFK2 fP. A. Moore ef 

; a/..Mo/.Ceff. Sot 11. 5330(1991)). Other genes 
..T not directly involved in carbon metabolism but 
. known to be induced upon nutrient limitatk)n in- 
e . dude genes encoding cyiosolic catalase T C7TI 
p. H. Btssinger ef a/., iOi0..9, 1309 (1989)) and 
several genes encoding small heat-shock proteins 
such as HSP12, HSP26.* end HSP42 (1. Farkas ef 
aA. J. Biol. Chem. 266. -15602,(1991): U. M. 
' Praekett and P, A. Meacock. Mo/. Gen. Genef. 223 
^' 97 (1990): D: Wotton ef a/.. X Biot. Chem. 271. 
- 2717(1996)]. 

37. The levels of induction we measured for genes that 
y- were expressed at very tow levels in the urtnduced 
. ^«ate(notably.fBP7andPC^;)weregeneraUylow» 

than those previously reported. This discrepancy 
V to the conservative background sub- 

t ractiortmey iod we used, which generally resulted in 
overestNiiuUon of very low expression levels (46). 

38. Cross-hybridization of highly related sequerces can ' 
also occasionally obscure changes in gene expres- 
sion^ important concern where memtiers of gme 
famflies are functionally specialized and differentially 

re^ilated. The major alcohol dehyorogenase genes 
AOWi end ADH2, share 66% nucleotide identity. 

Reciprocal regulation of these genes is an important 
feature of the diauxic shift, but was not observed in 
this eyeh ment. presumably because of cross-hy- 
tinttaa^on of the fluorescent cONAs representing 
these two genes. Nevertheless, we were able to de- 
tect differential expression of closely related isolorms 
of other enzymes, such as HXK1/HXK2 (77% tow>- 
ticaOP.Herreroefa/., Yeasfl 1.137 (1995)]. M1S7/ 
DAL7 (73% identicaO (20). and PGM1/PGM2 (72% 
•denticaO |D. Oh. j. E. Hopper. Mo^. Coff. So/. 10. 
1415 (1990)). in accord wrm previous studies. Use n 
thentiaoarTBy of oeliberately selected DMA se- 
Quences corresponding to the most divergent seg- 
'wits of homologous genes, in lieu of the complete 
gene sequences, shodd relieve the probton in many 



be rxxjoad ««s very high betwaan the two 
vvms. Whan on^jha 365 oma Mi 

IM a twclold increase In mRNA to tiAiA'Ai^ 
.in either or tha.A<*ata 



39. 



F, E. SWfiams, U. Varanasi. R. J. Trumbly. Moi. C^ 
Biol. 11.3307 (1991). 

40. D. T2amarias and K. StaiN. Nature 369; 756 (1994). 

41. Ditlerences in mRNA levels between the tupiA and 
^;<ype st rain were measured in two inoepwident 
^tpwments. The correlation coeftoe^ 
complete sets of expression ratios measuad ri 
these ckjpiicate experimen ts was 0.83. The conoor- 



42. -The tipiA,nuation conaisti of an inavtton dr tla- 
:^ t£U2 coding saouenoa. induShg a stop eodoa b** 

tween the ATG or TUPf and an Eoo R t site 124 baae 
pairs before the atop oodon of the TUP} gerw. 

43. L R. kowateki. K. Kondb. M. toouy^ Mql Afacttbt * 
••vis. 341 (1995).: rt-.- i ' --.r". 

44. ^44. .Vtewanathaa 6. MuMuw. Y. S. Cona U 
.Xanard, Gene .148. 149 (1994). , 

45:.D. Hirata. K. Yahb.^. Miyakawa. Mot cia Gariat* ' 

'242.250(1994). r ^ - ' - . 

4a .A Gutierrez. L Canmato. A. fWo. M; M»tto«. : 
-A. T. Martins. AppL En¥Von.iMicn3bioL^^, -1783^ 

,..(1994). J . ;;v\ ^ ; 

47. A Muheim er at . fir j. fibcham. 1 95. 369 (1991^ 
46. J. A. Weiinmie,- M. S: Szcrypla. D. X TWele. W. SL' 
' I Moye4^owley, J. fid£ Cham. 269. 32592 (1994). . ' 
49.; Mia oaf lays: 'were ;scanned usirig-a custom-tauR > 
ficannirig laser: rnicroscope bult by S., Sirtm wtth 
software vwitten by N. Zrv. Det^ concern^ scm-' : 
■ rier design' arid coristruction are avaMile at on(^' 
startforcLedu/0browa irnagas ;war«;acwwd. at a; . 
resolution of 20 tUTi per obcaL A aflpiwart^ ^^ '^f^^' 
' the appropriate axdtation ine. was dm for each of ' 
' the two fkibrophoras used. Oui^) tr« scvw^ 
' cess, the ratio between the signals in the two chw ' 
,nels was calcUated for severtf array alemants oon- 
taihing total genomic DNA. To fiormdm the two' 
channeb with respect to overal Herttlty. wa Itw ' 
'adiusted photormiUpier and laser power aattv^s^' 
• such that the'signal ratio at these elements,w» as ^ 
dose to 1^ as possft>le. The combined images ware ' 
' anafyzed with custom-written' software. A bouxftig ' 
box. fitted to the size of the DNAispots ki aatfi 
puadrani was placed over each array elanwit T»*^ 
' average fluoresceminterisity , was calculated t)y8tfn- 
fning the imensitiffi of each pixel present In a botfidf-' 
ling box» and then dividing by. the total nun^ oi ' 
, 'pbtels. Local area ^background was calculated tor 

each array element t>y determining the avtf^^ luo- 

rescent intensity, tor the lower 20% of pfael 

ties. Although this method tends to underestirrala 

vtfw t»ckground. causing en underastimatBn of «ir '; 

' treme ratios, It produces a very consistent M I 

: tolerant ap pr ox im ati on. AwJough the 
digital tx>ard used for data colec ti oi'i pmiauMi a 
wide dynamic range (12 bits), severe ai^ warn 
»turated (greater than the rnanmum aigntf fitmily 
allowed) at the chosen settings. Therefore, axtrwna 
ratios at bright elements are generalyunderestfcwi- 
ed. A signal was deemed signifctfit If the avar^ia 
intensity after background subtraction was at least 
2.5-fold higher than the standard deviation in ttia 

background measi^ements for «en«nts on the 
array. 

50. In addition to the 17 genes shown in Table 1. tfvae 
addiikxial genes were induced by «i awage of 
more than threetokJ in the duplicate experiments. bU 
in one of the two experiments, the induction was leas 
than twofok) (range 1 .6- to 1 .9-fold) 
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Human Genome Placed on Chip; Biotech Rivals 1^^^ 



ByANDREWTOIAACK;-(NYT).1030.words-.'.- ..-.V ,•„:•,...,,,.., ser,--:. •..>■■ ■ ' 

' ; ' ' I < ■ f ^, ' . ' ' ' 1 ■ ; { ■ ' 1 .-. 1 J - ■ , • 

The genome on a chip has airived. 

Melding. high technology wiA biology, 'stver^^f:^ntq^mj^io scil «Kv^.of d^ss-or" 
nylon, some as small as,postage stamps, packed with pieces of aU 30,000 or so known hUman 
genes. 



The new products will allow scientists to scan all genes in a human tissue sample at once, to 
determme which genes are active, a job that previously required two or more chips. The whole- 
genome chips will Iowct the cost and increase the speed of a widely .^^^ , . 
transformed biomedical research in the last few years. - '■■<.■ 



"It's sort of a .milestone,ev«,t, very similar to generating an, integrated circuit of the genome," 
said Stephen P. A Fodor, the chief executive of Affymetrix Inc.. the leading seller of gene chips, 
which are also called microairays. ^ wu^d, 

Afiymenix, based in Santa Clara, Calif, is expected to announce today that it. is accepting orders 
fonts whole-genome chip. k 

The announcement seems timed to steal some thunder from the rival Agilent Technologies 
which IS based m nearby Palo Alto. Agilem is to be the host of an analyst meeting today ar^d it 
plans to announce then that it has started shipping test versions of its whole-genome chip. 

a unit of the Applera Corporation, started the la 
July wi^ an amiouncement that it would have a whole-genome chip out by the end of this year 
NimbleGen Sj^tems, a small company in Madison, Wis., announced a few days later that it had. a 
genome on a chip that it was not selling but that it was using to run tests for customers. 

Gene chips, which detect genes that are active, meaning they are being used to make a protein 
have become essenUal tools. Scientists try to understand the genetic mechanisms of disease by 
seeing which genes are turned on in. say. a sick kidney or lung compared with those active in a 
healthy organ. Pharmaceutical companies look at gene activity patterns to try to predict the 
effects of drugs. 



race in 




W^M^y^"!-:^^^^^ to predict wliich -dru^ will wbrk besf for a partcul^ 



^^'^^'^^^'.^^^^f ^th:two Chips, it cost^;yoiialittle m(>fe." iid Rblaia Gr^ 
the vice, president for research and development 'at Nimbledctf' ' ' - ^i.i 

number and identities of all the genes is not known. 

The advent of the genome on a chip is, however, evidence that biotechnology, to the extent that it 
uses electromcs. is expenencmg some of the rapid progress that has made s^conducto« and 
computers contmuously cheaper and smaller. "uuiuis unu 

"One of the effects everyone is looking for in the genomics area is Moore's law -- more data, less 
money said Doug Dolgmow. an executive vice president at Gene Logic, which sells data from 
gene chip smdies to pharmaceutical companies. "This is a step in that direction." 

Moore's law states that the nwnber of transistors on a semiconductor chip doubles everv 18 
months. ^ 



1 99?. ' ^^'^^•'i"" ^° semiconductor 

chips. In the mid- 1990 s, the conipany came out with a set of five chips covering what was then 

known of the human genome After the human genome sequence was virtually completed in 
2000. the company developed a two-chip set with all the known genes. Now it has L single 
chip, which some scientists say will be more convenient. 

*T^^ w° ^"''^ *° * global view of what's going on." said 

John R. Walker, who runs gene chip operations at the Genomics Institute of the Novartis 
Research Foimdation m San Diego. 

Costs should also be lower. Gene chips have been so expensive that many academic scientists 

Sot to jT^^^^^ ? ^'^^ ''T- ^'^^'^"'^ '""^ " whole-genome chips 

for $300 to $500 each^ dependmg on volume, little more than half the price of the ^wo-chip set 
The other compames have not announced prices. 

For AfFymetrix a successful whole-genome chip "is essential for them to maintain their 
dominance of high-end microarrays, said Edward A. Tenthoff. an analyst at U.S. Bancoip Piper 
Jaffray. Affymetnx had total product sales in 2002 of about $250 million, and a company 
spokesman said that human genome chips are its top-selling product. 

Mr. Tenthoff, who recommends Affymetnx stock, said tiie company's sales growth rate had 
moderated as it faces tourer competition. Agilent, a spinoff of Hewlett-Packard that makes its 
gene chips by printing DNA components onto glass slides using Inkjet printers, has gained 
share, he said. Applied Biosystems. the largest maker of genomics equipmem over all will be 



2 



entering the microanay segment of the business with its whole-genome chip, emphasizinB the 
connection of that product to the othere it offers, including the gene database developed bv its 
sister con^any, Celera Genomics. - 

Jeffrey Trent, scientific director of the Translational Genomics Research Institute in Phoenix, 
said that while whole-genome chips are usefiil for medical discovery, the biggest growth of the 
market wiU be for chips that can be used by doctors to do diagnoses. And whole-genome chips 
are too cumbersome for that, he said. Rather, once scientists use the whole-genome chips to find 
particular genes that are associated with, say, tumor aggressiveness or drug effectiveness he 
said, they will then make smaller and cheaper chips containing just those genes for use in' 
diagnosis. 
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AgUent Technologies Ships whote^h^ 
microarray to gene expression customers for evaluation 

Company to Introduce first commercial whole human microarray by end of year 
PALO ALTO, Calif,, Oct. 2, 2003 
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density format which accommodaVi oootaturon^^^^^^^^^ ^'if 
new platform enables drug-discovery and disease resMrche^ to nf*, JlL?^^ microarray. The 

lower cost and with higher reprodudbiHty '^searchers to perform whole^enome screening at a 

and general manager of Agilent's BioReseaS s5lu5o?/unf - r 2 Barney Saunders, vice president 
sample, one-chip fSrmat w«h the Ksed stnfiSviS^^^^^^^^ ^f"'^ « one- 

^^^^^ « -r^era^trs;^^^^^^^ 

™arc?okl;^c^^^^^^^^^^^^ ^ 
using content from public databases and^KtSSfSu^J^Sh "T""^™^' ""c^arrays are developed 
infomiation made available to customers Sne st^uen^p^Ar rSl?''' ^*'"f ^nd annotation 
and then validated empirically SSTterabv^we^^^^^^^^^ ^'^ developed using algorithms 

comprised of functionally validated probes Ki moIruS ^ '"'«=««"y 

infomiation commercialbr available. up-to-date and comprehensive genome 

Advantages of the double-densHy format include: 

• Strearnlined woricflow. Researchers need prepare and process only one microarrav instPaH nf 
two. This also results in fewer steps in the subsequent Sata anaS "''''"'^"^^ '""'^^'^ °^ 

• e;SeTjSl"^^ ' ^"""^ ""'^"'^-^ ^"'^^ variability in 

. Smaller sample use. A smaller quantity of sample material is required to perfom, an experiment. 
Availability 

Agilent's Whole Human Genome Microarray is expected to be available for order by the end of the year. 
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Forward*Lx>oklng Statements 



This news release contains fow^ard-looking statements (Including, without limitation, statements relatina 
to Agilenrs expectation that its whole-genome microarray platfomi will be available for order before the 
end of 2003) that Involve risks and uncertainties that could cause results to differ materially from 
management's current expectatwns. These and other risks are detailed in the company's filings with the 
Secunties and Exchange Commissten. including its Annual Report on Fomi 10-K for the vear ended Oct 
31 2002, its Quarteriy Report on Form 1 0-Q for the quarter ended July 31 , 2003 and its Current rVdoiI 
on Form 8-K filed Aug. 18. 2003. The company assumes no obligation to update the information in this 
press release. 
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Affymetrix Announces Commercial Launch of Single Array for Human Genim^^ 



Expression Analysis 
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'^^':X^'™?^^5ENECHIP(R) BRAND HUMAN GENOME U133 PLUS-2.0 ARRAY 

Affymetrix GeneChip{R) Brand Human Genome U133 Plus 2 0 Arrav 
(PRNewsFoto)[AS] " : : _ / /' . 

SANTA.CLARA. CAUSA 10/02/2003 ; . T 
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"°"TraScri^ti^anS f^^^^^^^^^" Expression ! Levels .of ■Nearly 50, 000 RNA , . 
. Transcripts and Variants on a .Single Array ..the. size .of .a ThunOjnail , i 

SANTA Calif.; Oct: 2 /PRNewswire/ - Affymetrix, Inc., 

(Nasdaq: AFFX) announced today that it is taking orders for its new 
GeneChip{R) brand Human Genome U133 .Plus 2.0 Array, of fering -researchers the 
11:^^"'^°^'"^ °' the human genome on a single commLSalJy available 

catalog microarray. The HG.U133 Plus 2.0 Array analyzes ■ the expressionieCel 
tLT V transcripts and variants with L dif f ereS pJoJes per 

ll^^^Z^^'"' '^'-^^''^--^^^^' technol?gi,s%Kng a 

(Photo: http://www.new8com.com/cgi.bln/prnh/20031002/SFTH021) 
.V 7^^^ 1^°"^^ ^"^ million probes on. a chip the size of a human thumbnail 
the^Human Plus Array represents a leap in . array technology data capaSty ;nd 
further .demonstrates . the unique power and potential of our techno W t^' 
explore vast areas of the genome," said Trevor J. Nicholls, Ph.D. ?^ief 
commercial Officer. "Multiple independent measurements for each t;ans"Lt 
ensure that our data quality remains the industry standard, even as our data 
capacity increases dramatically." 

conJI;^ T/rl^^ J^"^' "^11 =^iP October, combines the ' 

content of the previous HG-U133 two-array set with nearly 10,000 new probe 
sets representing about 6,500 new genes, for a total of Nearly 50,000^A ' 
transcripts and variants. This new information, verified against the latest 
version of the publicly available genome map, provides resLrcSers the most 
comprehensive and up-to-date genome-wide gene expression analysis. The probe 

ui3%^Lr" '""^ identical to\he previous HG- 

U133 Set, providing very strong data concordance between the two products. 
With more than double the data capacity of the previous -generation Aff^etrix 
human product, the HG-U133 Plus 2.0 Array can significantly cut procesiTng and 
analysis time for scientists in the lab, freeing up valuable resources anl 
accelerating research. aiiu . .. 

t:r.n«!?^in?l"i" ^^""^ "^""f^ ^ ^^^^^ard for the number of genes and 

transcripts on any commercially available single array for human gene 
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expression analysis, while maintaininq Affvmetrix' iin,-^,«i«^ ^ 
hybridization of ; each transcript -bn the arrav • i -i'miii - * . . •' 

independent measurements provides optiftsl -sensltivify ^-i^^^'^-.^ 

bette^nif 

feature size on this nei design ^rnfrSe ?cS;°"^ us." Ser''':™u""' 

human 'bliipgy'^andf^dis.asrpr"e";r A?rS^^^i*^ /*" "= ""^ " '^'l'" 
original GeSchlp .HG-U133A toraj ^e tdLS^^w represented on the 

\ * More irif ormatioii * on the deB'ion o-f no TTi-a-^ T^^ 

^r?^-^.? *'"^-"^'^ ^ ^"-"^ the ™h"i e°af 

nttp://www.affymetrix.com'. 

prodSct'nftJeli'oTelh^nrtraSI swf m"'"^"" °" ^ 

?h* cor^any „iu ei.oi^jra'pre' si::fe'?e^s°:rior"rts; ?r- 

12 p m at the show regarding the new Hunui^ GenCmJ Jl3rplur2 J Lrav t, 

would- like to attend this Dress nr^r,^^^^ i Array. If you 

« c...upnick.@„6rn,b.hk«L^"«,irns xo^^ """" "-P-'ck. 

About Affymetrix: 

the sln^lTe^tlulil^^^^^^^ breakthrough tools that are driving 

to the life sciences, Af fLe??irdL!?^ principles of semiconductor technology 
enable scientists to i^r^r^i^ fSIlitro^^if "^^'^""^ ^^^^ 
include Phamaceutical biotectaoW L?f.i The Company's customers 
products companies as weU as a^adeS^A ^^9"°"^" and consumer 

research institutes. Affymetrix of f^s' an I^^Jn^f ^"'^ "^^^ "°"-P^°fit 

All statements in this Dress 

"forward-looking .tate»ents?"i%\I^':hrm^an „r:f"s:=t"r2lro£"he 
Securities Exchange Act as amended inei„H-!r,n = ^ »eccion 21E of the 

"expectations." -beliefs." "hopes " "inienJionf" f "^^^'^^"S Affymetrix' 

Such statements are subject to ri^ks aSd unc!^^;, '""'^^S"^" °^ the like, 
results to differ n^terLlly forAffy^etrirfrorr^i!^ " '^^"i^ """" ^"^^^ 

^i^hrie^i:js^^%%vi^^: ---- -fi-ty^^o-^^^^^^^^ 

uncertainties relating tecS^^lfJi^l"::!'"' ' h"'""' operating expenses, 
development, market aLeptancr^inrlSnL^^ "^""^ «=turing, product 

development and narkeraccStance of fi^^"""?^""''^" relating to product 
and the HG-U133A 2.0), personnel reLn^? Human Plus 2.0 Array 

pricing of Affymetri^p?:a"c°tr^e"^Sd:^^^^ and^ 

a^d-^^h^r-^ie^^^^^^^^ ^^^^'^^^ ■ ^^^^^^^^^^^r., to POA 

property of others and Jhe un^rtarnr? ;' """^ relating to intellectual 
Thefe a^d other risk factors ^1^? f .Patent protection and litigation. 

otner risx tactors are discussed m Affymetrix- Form 10-K for the 
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year ended December 31, 2002 and other ejpr ,.»t,«^,.- • ^. 
Reports on Form 10-Q for subsequent quartfr^v'^oeri;dr1?^''^ Quarterly 
disclaims any obligation or unLrtLinrtrrelSsel^ltffr^'''^'' expressly 
revisions to any forward -lookinq stateL^^/!i ? Publicly any updates or 
change in Affym^trix- expectations with reaJr^H'"%^ """"^ to.reflect any 
events, conditions, or cfrcumstanLrL' ^hCh^^^i^^h^ r..lZ^TllXs... 

trJ^rL o^::^^^"ef^y"l^^e\1?x^i:;.^"^ '^"^^^^^ 



SOURCE Affymetrix, Inc. 

Web Site: http://www.affymetrix.com 
Photo Notes: NewsCom: 

httpJ/www.newscom.com/cgi.bin/prnh/200310^^^ AP Archive- 

http://photoarchive.ap.org PRN Photo Des/c, ^rcnive. 

photodesk@prnewswire.com 
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The third enactment of ^ Cambridge 
Healthtech Institute's Mocroresults 
through M'tcrdarrays rneeting was held 
in Bostori (MA, "USA) from 29 April- 
1 May 2002; The subtheme of this year's 
meeting was 'advancing' drug discov- 
ery', a widely touted application for 
array technology. . . 



The evolution of microarrays 
If you were asked. 'Who first conceived 
of the idea of microarrays', who would 
come to mind? Mark Schena perhaps, 
first author of the serninal 1995 paper 
on cDNA arrays (!]? Maybe fat Brown, 
Schena 's then supervisor? Or perhaps 
Stephen Fodor, the primary driver 
behind Affymetrix's (http.7/www. 
affymetrix.com) oligonucleotide-based 
platform (2]. Brits might even chant the 
name of .Ed Southern [3]. Well, accord- 
ing to Roger Ekins (University College 
London Medical School; http://www. 
ucl.ac.uk/medicine/) all these answers 
would be wrong. It was in fact Ekins 
and his colleagues who first conceived 
of and patented 'a new generation of 
ultrasensitive, miniaturized assays for 
protein and ONA-RNA measurement 
based on the use of microarrays' in the 
mid 1980s (4], The concept and poten- 
tial of array technology was more fully 
described in a later publication, in 
which Ekins et oL [5] concluded that an- 
tibody microspots of -50 \im^ could be 
achieved, and that as many as 2 million 
different immunoassays could, in prin- 
ciple, be accommodated on a surface 
area of 1 cm^. 

Technological innovation 

In practice, it took a different biological. 

molecule (DNA), a different research 



group, and a leap into microfabri- 
cation technology to even . begiri 
approaching these ^kinds of densities 
[Affymetrix patent c6045996 talks of 
one million spots ^cm-2]. Of course, 
advancing- technology is one -of, the 
driving engines behind the genomics 
. juggernaut, and we are already seeing 
'4th generation' machines for fab^ 
- ricating DNA chips. If the company. 
: representatives at this meeting are to 
be believed (and their cases seemed 
strong), spotting is out, and in situ 
; fabrication of bligonucleotide-based 
'iterative custom arrays' is in. Whether 
' you go with the Combimatrix's (http:/A 
www.combimatrix.com) electrochemi- 
cally directed synthesis and detection 
system, febil's {http://www.febit.com) 
Cenibm® technology, or Nirnblegen's' 
(http://www.nimblegen.comj Maskless 
Array Synthesizer technology is a 
matter of personal choice. However, 
each of these machines provides the 
flexibility to design variable length 
oligonucleotide probes from se- 
quences inputted by the user, and then 
perform in situ synthesis of an array. 
Each system also boasu unique advan- 
tages. For example, Combimatrix's 
biological array processor is a semi- 
conductor coated with a 3D layer 
of porous material in which DNA, 
RNA, peptides or small molecules 
can be synthesized or immobilized 
within discrete test sites, while febit's 
Ceniom One^ Is a fully integrated 
gene-expression analysis system with 
minimal user hands-on time - the 
probe sequences are programmed, the 
RNA samples inserted, and the gene 
expression data is pumped out a few 
hours later. 



Cell- and tissue-based arrays _ 
, Array technology is in .most ;peopte'$T 
minds firmly linked with gene-expression 
- prbfiiing. Fewer arc avs^re that cell- and 
tissue-based arrays have been devej-: 
pped,. and f.hovy . they can provide 
a vital extra dimension to research. In 
support of this, Barry Bochner gave an 
update on the cell-based array system 
that Biolog (http://www.blolog.com) 
has produced for simultaneously mea- 
suring the effects of one gene in the cell 
under thousands of grovnh conditions 
(see [6] for further details). David Waif! 
.(Tyfts University;i.^http;//www! tufts,, 
edu/) Is developing single live cell ar- 
rays using optical imaging fiber (OIF) 
technology. An array of microwells is ' 
fabricated on the face of an OIF at den- . 
sities of up to 10 million wells cm-2. 
Cells are then added to the wells and 
disperse at an average of one cell per 
well. Physiological and genetic rcr 
sponses of each cell are measured via 
fluorescence produced by reporter 
genes (e.g. locZ, gfp. Assays performed 
so far include yeast live or dead cell 
assay, microenvironment pH and 
Oj measurements, promotor responses 
using the iacZ and phoA reporter genes, 
and protein-protein Interactions using 
the yeast two-hybrid system. The main 
advantage of this system is that the cells 
remain alive during the assay, which 
means a real-time timecourse can be 
performed and/or the array passed 
from sample to sample. This would be 
useful in, for example, the scanning of 
a combinatorial drug library for specific 
physiological effects. 

Tissue arrays are a useful complemcn- 
Ury technology to DNA arrays because 
they can be used to help validate and 
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understand the biological and'medical eukaryotic systems.. Also, an optimal 

significance of gene changes discov- method for depositing arid' binding 

ered using standard DNA arrays. For proteins to the selected substrate is 

example^Vari an-ay of lymor tissues can . yet. to be. determined, as is the best 



membranes, incubated with, purified 
Icinase, and the-substrates measured for 
the degree of phosphorylation. 



be screened for the protein (usmg im 
munohistochemistry), message (using 
in Situ hybridization) and copy number 
(using comparative gehorhic hybridiza- 
tion) of. a gene of interest, to determine 
if • expression of the gene (or lack 
thereof) is related in any way to sur- 
viva I, They can also be used to predict 
the probability of clinical failure of lead 
compounds as a result of toxicity by 
evaluating the distribution of the drug- 
targets in normal tissue. Spyro Mousses 
and his co-workers at the National 
Human Genome Research Institute 
(http;//www.nhgri.nih.gov/index.html) 
have built such arrays, > including a 
multi-tumor array (-5000 specimens, 
and sections from 36 normal and. 800 
metaslatic-tissues) and a normal tissue 
array (76 tissue and 332 cell types). 

The problem with proteins 
It has been said that genomics tells us 
what might happen, transcriptomics 



way to ensure that they are bound in a 
correctly folded, active conformation. 

Several companies have been address- 
ing these problems. Prolinx (http://' 
www.prolinxinc;com)-i5 one such Com- 
pany, and Karin Hughes described their 
Versalinx'T^^ chemistry for producing 
protein,- peptide and small-rholecule 
arrays. Versalinx'fM uses solution-phase 
conjugation followed by immobiliza-- 
tion,; resulting in functional orientation ' 
of proteins and peptides on the sub:. ' 
strate surface. It also offers the valuable 
additional benefit of exhibiting low 
non-specific binding.. Sense Proteomic 
(http://www.senseproteomic.com)" ' is 
also among those addressing these 
problems to develop robust protein 
arrays for drug discovery and clinical 
applications and has developed func- 
tional protein array formats based on 
specific disease tissues. Subtractive hy- 
bridization is used to identify genes 
with altered expression inrbreasl tumor 
indicates what should happen, and pro- . and cystic fibrosis compared to norma! 



teomics shows what is happening. The 
impact of functional proteomics ori 
pharmaceutical R&D is rapidly increas- 
ing, and protein arrays are being used 
increasingly in both basic and applied 
research. Their use lies not only in com- 
parative protein expression and inter- 
action profiling, but also in diagnostics 
and drug discovery. However, an in- 
creasing number of researchers have 
found that protein arrays, like their 
cousins the DNA anays, present several 
practical obstacles relating to their pro- 
duction and use. For example, in using 
Escherichia coli to produce recombi- 
nant eukaryotic proteins from a single 
expression vector, multiple protein 
products are often produced, suggest- 
ing mixes of truncated or otherwise 
altered proteins. There is also the obvi- 
ous concern that the proteins might 
not be modified in a similar manner to 



tissue. A high throughput cloning strat- 
egy (COVfTM) is then used to produce 
libraries of genes that are tagged, 
cloned, expressed, purified and finally 
immobilized on glass, slides, initial vali- 
dation studies have shown that the vast 
majority of the immobilized proteins do 
indeed retain biological function. 

Stefan Schmidt and his company 
(CPC Biotech; http://www.gpcbiotech. 
de) have moved past the platform devel- 
opment stage and, with their focus 
firmly on drug discovery, are currently 
developing kinase-profiling arrays. 
Kinases are important targets for phar- 
maceutical drug discovery and therapy, 
and GPC's aim is to simultaneously de- 
tect multiple kinases, obtain activity pro- 
files for different cell types, or analyze 
the ability of drug candidates to inhibit 
kinase activity. To do this, recombinant 
kinase substrates are immobilized on 



Summary 

Meetings like this, packed with exciting 
discoveries and intriguing and interest- 
ing innovation, heavily emphasize the 
pace at wKich-biotechnology is advanc- 
ing, to'the extent that the number of 
optioris for genomic and proteomic re- 
searchers can become ^overwhelming. 
Although -data .analysis is: perhaps the 
greatest current concern for array users, 
an increasing challehge will be to deter- 
mine the approaches and technology 
'that really wqrk, and.tp do it in a timely 
manner,;' ^ ; - > . ? - 
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: .A"£i£E(iatd tVo-dimensioDd (2-P) .p^^^ 

ST5) is presenied^ilh a tabular listing of more than- 1200 proiciix species 

; ' Sodium dbdecyl sulfaie'XSDS) molecular mass and isoeiec'tric point have been es- 
; ifbiished, based on positions of numcrous.Jnlcmal standards.This map has been 
used 10 conneciand compare hundreds pf2.D:gcls of rat Jivcr samples from jaya- 
riety of studies, and forms the nucleus.bf an expanding database describing rat 

^^livcrproteins and iheir regulation by vanous.divgsandt^^^^^ 
orsuch a study, involving regulation of diolesierol synthesis-by cholesieroHower- 
mg crugs and "a high^cholesierol jdiet. is.prescn^^^^^ ob- 

• ujned u:iih a widely used arid highly reproducible 2rb gcj system (the Iso-Dalt* 

^ ;sysiem),ii can be directly related to an expanding body of work in other laboraio- 
'nes. ' ' ' ^ ' ' ■ ■ ■ 
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High-resoiuiion two-dimensional electrophoresis of pro- 
teins, introduced in 1975 by OTarrell and others 11-41, has 
been used over the ensuing 16 years lo examine a wide va- 
riety of biological systems, the results appearing in more 
than 5000 published papers. With the advent of computer- 
ized systems for analyzing two-dimensional (2-D) gel ima- 
ges and constructing spot databases, it is also possible to 
plan and assemble integrated bodies of infonnation de- 
scribing the appearance and rcgulaiibu of thousands of pro- 
tein gene products' [5, 6]. Creating,such.dalabases;involyes 
amassing and organizing quantitative dau from thousands 
of 2-D gels, and requires ^ subsianiiial commitment in tedi- 
hology and resources. 



{ ' ! 



Given the long-term effort required to develop a protein da- 
tabaseVthc choice of a biological system takes on consider- 
able imponancc. While in vitro systems are ideal for answer- 
ing many experimental questions, especially in cancer re- 
search and genetics, our experience with cell cultures and 
tissue samples suggests that some in vivo approaches could 
have major advantages. In particular, we have noticed that 
liver tissue samples from rats and mice appear.to show grea- 
ter quantitative reproducibility (in teiins of individual pro- 
tein expression) than replicate cell cultures. This is perhaps 
a natural result of the homeostasis maintained in a com- 
plete animal vj. the well-known variability of cell cultures, 
the latter due principally to differences in reagents (e.g,| 
fetal bovine serum), conditions (e.g.,pH) and genetic -cvo^ 
luiion"of cell lines while in culture.lt is also more difficult 
to generate adequate amounts of protein from cell culture 
systems (particularly with attached cells), forcing the inves- 
tigator to resort to radioisotope-based or silver-based stain- 
detection methods. While these methods are more sensi- 
tive (sometimes much more sensitive) than the Coomassic 
Brilliant Blue (CBB) stain typically used for protein detec- 
tion in '^large'' protein samples, they are generally more vari- 
able, more labor-intensive and, in the case of radiographic 
methods, may generate highly "noisy" images, due lo the 
properties of the films used. By contrast, large protein sam- 
ples can easily be prepared from liver using urea/Nonidct 
P-40 (NP-40) solubilization and stained with CBB, which 
has the advantage of being easily reproducible 18). Finally, 
there remains the question of the '*lruthfulness''of many in 
vino systems as compared lo their in vivo analogs; how 
great are the changes caused by the introduction into a cul- 
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lure "ib'c associated shift io strong selcciion for.growth. 
'and how*do these afTcct expcrimcntaJ outcomes? Hence 
the appircni advaniagcs of in vitro systems, in lenns of ex- 
pcrimcDtal. maBipulation,.may be ^ounterbalaDced by 
rotbcrfactor$:relaiiDg.to2^Ddaia quali^^^^ , , ^ 

'TbcJc is a second importaht class of reasons for exploring 
thc^ usc of an i« v/vo biological system such as the liver. His- 
ibri'cklly, there' have been two broad approaches to the me- 
Sanisiic disscctibn of biochemical processes in iniact cel- 

■ systems: genetics (a search for informaii%'e mutants) 

Ind the use of chemical agents (drugs and chemical toxms). 

:iolh approaches help us to understand. complex s;-tems 
bv ^disrupting some specific fiinctionaJ element and show- 
iriE us the result. With the development of techniques for 
eenbtic manipulation and cloning, the genetic approach 
can be cfTectivcly applied either in vitro or in vivo, although 
the in vitro routers usually quicker. The chemical epproach 
can also be applied to either sort of biological system; here, 
hov^«vcr the bulk of consistently acquired information is 
in experimental animals (rats and mice). While most biolo- 
Eists know a short list of compounds having specific, experi- 
mentally useful effects (e.g., inhibitors of protein synthesis, 
ionophores, pol>Tncrase inhibiton, channel blockers, nu- 
cleotide analogs, and compounds affecting polymerization 
of c>noskeleial proteins), there is a much larger number of 
interesting chemically-induced effects, most of them char- 
acterized by loxicologists and pharmacologists in rodent 
systems. Just as a thorough genetic analysis would involve 
saturating a genome with mutations, it is possible to ima- 
gine a saturating number of drugs, the analysis of whose ac- 
tions would reveaj the complete biochemistry of the cell. 
WTiilc organized drug discovery efforts usually target spe- 
cific desired effects, the nature of the process, with its de- 
pendence on screening large numbers of compounds, ne- 
cessarily produces many unanticipated effects. It is there- 
fore reasonable to suppose that the required broad range of 
compounds necessary to achieve "biochemical saturation" 
may be forthcoming; in fact, it may already exist among the 
hundreds of thousands of compounds that failed to quahfy 
as drugs. 

Among organs, the liver is an obvious choice for the study 
of chemical effects because of its well-known plasticity and 
responsiveness. The brain appears to be quite plastic (tf.^. 
[7]), but it is a complicated mixture of cell types requiring 
skillful dissection for most experiments. The kidney, while 
quite responsive, also presents a potentially confounding 
mature of cell i>T)CS.Thc liver, by contrast, is made up of 
one predominant cell type which is easy to solubilize: the 
hepatocyte, representing more than 95% of its mass. Most 
importantly, the liver peri'orms many homeostaiic func- 
tions that require rapid modulation of gene expression. It 
appears that most chemical agents tested affect gene ex- 
pression in the liver at some dosage (N. Leigh Anderson, 
unpublished observations), an interesting contrast to our 
eariicrwork with lymphocytes, for example, which seem to 
be much less responsive. Such results conform to the expec- 
tation that cells with a homeostatic, physiological role 
should be more plastic than cells differentiated for a pur- 
pose dependent on the action of a limited number of spe- 
cific genes. 

The liver also allows the parallels between in vitro and in 
vivo systems to be examined in detail. Significant progress 
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has been made in the dcvclopihent of mouse, rat and hu- 
man hepaoc}ie culture systems, as well as in precision-cut 
tissue slices. Using such an array of icdinique5,ii:is;p6s^ 
ble to assemble a/matrix of mammalian systems including 
mouse and rat in v/va on one level and.roouse, rat and bu* 
man^ftj^T&o bii/a second level, and lb compare effects bc- 
tweejj. ^cies and between systems. This approach allows 
us to draw irifomied conclusions jc^jardirrg the bipchcfnical 
^3nivcrsality'* of biological responses amoiig the "mammals, 
and to offer some insight into the -vaJldity of //i.v/iro ap- 
proaches for toxicological screening, We believe this data 
will be necessary if in vitro alternatives are ,to achieve wide 
usage in govemment^mandated safetyiesiing of drugs, con- 
sumer products arid industrial and agricultural chemicals. 

A number of interestirig^studies'havc,b« using 
2-D mapping to examine effects in^the rodent liver. A num- 
ber of"investigarars havcimade use of the technique, to 
screen for existing genetic variants [8-1 1] or indijced muU- 
lions 112-14], mainly in the mouse.This work builds on the 
wealth of genetic information available on the mouse and 
its established position as a mamnialiah'mutaiion^dcicc- 
aion system. While some studies' of chemical effects have 
been undertakeri in the rnbuse [15--17], niost have used the 
rat [18-23]. The examination of the cytochrome p-450 sys- 
tem, in particular, has been carried out almost exclusively 
on the rat [24, 25]. 



These considerations lead us to conclude that rodeiit liver 
offers the best opponunity to systematically examine an 
array of gene regulation systems, and ultimately to build a 
predictive model of large-scale mammalian gene control. 
The basic underlying foundation of such a project is a reli- 
able, reproducible master 2-D pattern of liver, to which on- 
going experimental results can be referred. In this paper, we 
report such a master pattern for the acidic and neutral pro- 
teins of rat liver (pattern F344MST3).ln future, this master 
will be supplemented by maps of basic proteins, and analog- 
ous maps of mouse and human liver. 



2 Materials and methods 
2.1 Sample preparation 

Liver is an ideal sample material for most biochemical stud- 
ies, including 2-D analysis. A sample is taken of approxima- 
tely 0.5 g of tissue from the apical end of the left lobe of the 
liver. Solubilization is effected as rapidly as practical; a 
delay of 5-15 min appears to cause no major alteration in 
liver protein composition if the liver pieces are kept cold 
(e.g., on ice) in the interim. In the solubilization process, 
the liver sample is weighed, placed in a glass homogenizcr 
{e.g., 15 mL Wheaton); 8 volumes of solubilizing solution* 

* The solubiliztng solution is composed or3%NP-40 (Sigma), 9 m ure* 
(analyiical grade, rg., BDH or Bio-Rad), 0J% diihioihrtilol (DTI; 
Sigma) and 2 % carrier ampholytes (pH 9-11 LKB: lliese come u a 20% 
stock solution, so 2 % final concentration is achieved by making the final 
solution 10% 9-1 1 Ampholine by volume). A large baich of solubiltier 
(several hundred mU is made and stored frozen at -80*C in aUquou 
sufLcienl to provide enough for one day*s estimated sample prepait- 
lion requirement. The solution is never allowed lo become wanner 
than room temperature at any stage during preparation or thawing for 
use, since heating of concentrated urea solutions can produce cooumi* 
nanis that covalenUy modify proteins producing ariifactual charge 
shifts. Once thawed, any unused solubilizer is discarded. 



is added mLper 0.5 g tissue) and ihc mWiUrc is ho- 
mogenized using first the loose- and then then the lithi-fa- 
ling glass pesilc. This takes approxiiTiaieJy 5 siiokes with 
each pestle and is carried out at room temperature because 
urea would crj'stallize out in the cold. Once the liver sample 
is thoroughly homogenized in the solubilizer, it is assumed 
that all ibe proieins are denatured (by the ^iaotropic cficct 
of the urea and detergent) and the enz>*mcs inacti- 

vated by the high pH (-9.5). Therefore these samples may 
be kept at room icmpcratijre until they can be cenirifuged 
or frozen as a group (within several hours "of preparation). 
The samples arc centrifuged for 6 X 10* g min (e.g., 500 000 
X g for 12 min using a Beckman TL-lOO centrifuge). The 
centrifuge rotoris mainiaii)ed at just below rocm tempera- 
ture (f.g., 15-20°C), but not too' cold, so as to prevent the . 

precipitation ofurea. The cenir'ifugc ofchoicc is £ Beckman , 
TL-lOO because of the sample tube.sizes available, but any K 
ultracentnTugc accepting smallish iubes>ill sunice.\\'hen '' 
an appropriate centrifuge is not avaiisbie near the site of 
sample preparation, samples can be frozen' at -80 'C. arid 
thawed prior to centrifugaiion and collection of sup^ema- 
lanis. Each supernatant is carefully removed following cen- 
trifugation and aliquoied into at least 4 clean tubes forsior- 
age.This is done by transferring all the supernatant to one 
clean tube, mixing this gently (to assure homogeneous . 
composition) and then <3ividing it into 4 aliquotii. The aJi- 
quots are frozen immediately at -80'C. These multiple- ali- 
quots cac provide insurance against a failed run or a freezer 
breakdown. 

22 Two*dimeDsionaJ electrophoresis 

Sample proteins are resolved by 2-D electrophoresis using 
the 20 X 25 cm Iso-DaJt* 2-D gel system ([26-29]; pro- 
duced by LSB and by Hoefcr Scientific Instruments*, San 
Francisco) operating with 20 gels per batch. All firsi-di'men- 
sional isoelectric focusing (lEF) gels arc prepared using the 
same single standardized batch of carrier amphplyics 
(BDH 4-8A in the present case, selected by LSB's batch- 
testing program for rat and mouse database work**). A 10 
ViL sample of solubihzcd liver protein is applied to each gel, 
and the gels arc run for 33 000 to 34 500 volt-hours using a* 
progressively increasing voltage protocol implemented by 
a programmable high-voltage power supply. An Ange- 
lique* corapuier-coDiroUcd gradient-casting system (pro- 
duced by LSB) is used to prepare second-dimensional sod- 
ium dodecyl sulfate (SDS) poiyacrylamide gradient slab 
gels in which the top 5 % of the gel is 11 %T acr>'lamide, and 
the lower 95% of the gel varies linearly from \ \ % to 18%T. 
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This system has recently been modified so as to employ a 
commercially available 30.8 %T acrylamidc/A^,A''-methylc- 
nebisacrylamidc prepared solution (thus avoiding the han- 
dling of the solid acrylamide monomer) and three addi- 
tional stock solutions: buffer (made from Sigma pre-set 
Tris), persulfale and A^,A^A^,A^-ictramethylethylenedi- 
amine (TEMED). Each gel is identified by a computer- 
printed filter paper label polymerized into the lower left cor- 
ner of the gel. First-dimensional lEF tube gels are loaded 

This maierial (succeeding cenifjcd batches of which are available from 
Hoefcr Scientific Instrumcnis) has ihe most linear pH gradient pro- 
duced by any ampholyte tested except for the Pharmacia wide range 
(which has an unacceptable tendency to bind high-molecutar weight 
acidic proteins, causing them to streak). 



directly (as extruded) onto the slab gels without equilibra- 
tion, and held in place by polyester fabric wedges fWed- 
gies*-. produced by LSB) to avoid the use of hot agarose 
Second-djmcnsional slab gels axe run overnight, in muDj 
of 20. in cooled DAU tanks (lO'C) with buffer circulation. 
All run parameters, reagent source and lot informatioiL 
and notations of deviation from expeaed results are ente- 
red by the technician-responsible on a detailed, multi-page 
record of the experiment. 

13 Staining 

Fonowmg^SDS-electrophoresis, slab gels are stained for 
protein using a colloidal Coon^assic Blue G-250 procedure 
ir.xovered plastic boxes, with 10 gels (totalling approxima- 
tely 1 L of gel) per box. This procedure (based on the work 
- of N;euhofr(30,31]) involves fixation in 1.5 L of 50% ctha- 
nol and 2%.phosphoric acid for2h, three 30 min washes, 
each in 2 L of cold tap water, and transfer to 1-J L of 34% 
methanol, 17% ammonium sulfate and 2 % phosphoric acid 
for 1 h, followed by.the addition of a gramof powdered Coo- 
massie Blue 0:250, stain. Staining requires approximately 4 
days to reach equilibrium -intensity, whereupon eels arc 
transferred to cool Up water and their surfaces rinsed to re- 
move any particulate slain prior to scanning. Gels may be 
kept for several months in water with added sodium azidc. 
The water washes remove ethanol that would dissolve the 
stain (a;id render the system noncolloidal, with high back- 
grounds). The concentrated ammonium sulfate and meth- 
anol solution is diluted by equilibration with the water vol- 
ume of the gels to automatically achieve the correct final 
concentrations for colloidal staining. Practical advantages 
of this staining approach can be summarized as follows: (i) 
the low, flat background makes computer evaluation of 
small spots (max OD < 0.02) possible, especially when 
usmg laser densitometry; (ii) up to 1500 spots can be reU- 
ably detected on many gels (e.g:, rat liver) at loadings low 
enough to preserve excellent resolution; and (iii) reprodu- 
cibility appears to be very good: at least several hundred 
spots have coefiicients of reproducibility less than 15%. 
This value is at least as good as previous CBB methods,and 
significantly better than many silver stain systems. 

2.4 Positional standardization 



The carbamylaied rabbit muscle creatine phosphokinasc 
(CPK) standards [32] are purchased from Pharmacia and 
BDH. Amino acid compositions, and numbers of residues 
present in proteins used for internal standardization, arc 
taken from the Protein Identification Resource (PIR) se- 
quence database [33). 

2.5 Computer analysis 

Stained slab gels arc digitized in red light at 134 micron re- 
solution, using either a Molecular Dynamics laser scanner 
(with pixel sampling) or an Eikonix 78/99 CCD scanner. 
Raw digitized gel images are archived on high-density DAT 
tape (or equivalent storage media) and a greyscale video- 
print prepared from the raw digital image as hard-copy 
backup of the gel image. Gels are processed using the Kep- 
ler* software system (produced by LSB), a commercially 
available workstation-based software package built on 
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some of the principles of the csTlierTYCHO system [34- 
41]. Procedure PROCOOE is used to yield £ spoilist giving 
position, shape and density information for each detected 
spot. This procedure maJces use of digiul.fjliering,. mathe- 
matical morphology techniques and digiiaJ ^masking to re- 
move ihe-backgrouDd.and uscs.full 2-D Icasirsquaies opti- 
mization to refine the parameters of a 2-D:Gaussian shape 
for each spot. Processing parameters and file locaiions arc 
stored in a relational database, while various log files detail- 
ing operation of the ■Buiomaiic analysis software arc ar- 
chived with the reduced data. The computed resolution and 
level of Gaussian convergence of each gel arednspecied 
and archived for quality control purposes. ' . 

Experiment packages arc constructed using the Kepler ex- 
periment definition database to assemble - groups of 2-D 
patterns corresponding to the experimental groups (f.g., 
treated and control animals)..£ach 2-D patiem.is matched 
to the appropriate * ''master" 2-D (paiiem (patiem- 
F344MST3 in the case of Fischer 544 rai liver), thereby 
providing linkage to the existing rodent protein 2-D data- 
bases. The software allows experiments containirig hun- 
dreds of gels to be constructed and analyzed as a unit, with 
up to 100 gels displayed on the screen at one lime for com- 
parative purposes and multiple pages to accommodate ex- 
periments of > 1000 gets. For each ueaimenl, proteins ^ 
showing significant quaniiiative differences vs. appropriate • 
controls are selected using group-wise statistical parame- 
ters (£.g., Student's i-iesi, Kepler* procedure STUDENT). 
Proteins satisfying various quaniiiative criteria (such as P< 
0.001 difference from appropriate, controls) are repre- 
sented as highlighted spois onscreen or on computer-plot- 
ted protein maps and stored as spot populations {i.e., logi- 
cal vectors) in a liver protein database. Quantitative data, 
(spot parameters, suiistical or other computed values) are 
stored as real-valued vectors in the database. Analysis of co- 
regulation is performed using a Pierson product-moment 
correlation (Kepler procedure CORREL) to determine 
whether groups of proteins are coordinately regulated by 
any of the treatments. Such groups can be presented graphi- 
cally on a protein roap,and reponed together with the statis- 
tical criteria used to assess the level of corcgulation. Multi- 
variate statistical analysis (e.g., principal components' ana- 
lysis) is performed on data exponcd to SAS (SAS Institute). 

2.6 Graphical data output 

Graphical results are prepared in GKS and translated 
within Kepler* into output for any of a variety of devices. 
Linedrawing output is typically prepared as Postscript and 
printed on an Apple Lasen^'riter. Detailed maps presented 
here have been generated using an ullra-high-resolution 
Postscript-compatible Linotronic output device. GrcyscaJe 
graphics are reproduced from the workstation screen using 
a Seikosha videoprinier. Patterns are shown in ihe standard 
orientation, with high molecular mass at the top and acidic 
proteins to the left. 

2.7 Experiment LSBC04 

In the study described here 12-week-old Charles River 
male F344 rats were used. Diets were prepared at LSB, 
based on a Purina 5755M Basal Purified Diet. Lovastatin 
and cholestyramine were obtained as prescription pharma- 
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ceuticals, ground and mixed uiib the diet at cbnccniraiions 
of 0.075 % and 1 %, respectively. The high cholesterol diet 
was Purina 580IM-A (5% cholesterol plus 1 % sodium cfao- 
late in the control diet). Animal work was carried out by Mi- 
crobiological Associates (Bethe5da,MD). Animals were ac* 
dimatizejd for one wx^k oh the control diet,fed test or con* 
trol diets for one week, and sacrificed on day 8. Average 
daily doses of lovastatin and cholest}Tainine in appropriate 
groups were 37 mg/kg/day and 5 g/kg/day, respectively, 
based on the^weight of the food consumed. Liver samples 
were collected and prepared for2-p.elecirophoresis accord- 
ing to the standard liver protocol (homogenization in S . 
volumes of.9 m urea, 2% Nf-40,:0.5% dithiothreitol, 2%"^ 
LKB pH-9-11 carrier amphol}"icSv followed by ceiairifuga^ 
lion for 30 niin at 80000 X g). Kidney, brain and plasma 
samples were frozen. Gels :wcrc run as^ described abovc^ 
and the data was anatyzcd ijsing the Kepler*,system. Gels 
, were scaled, to remove the cfTecl of differences in.prqtein 
. loading, by seiiiiig the sumrned abundances of a large num:. 
ber of matched spots equal for each gel (linear Vcaling).": 

3 Results and discussion 

3.1 The rat liver protein 2-D jnap 

F344MST3 is a standard 2-D pattern of rat liver proteins, 
based on the Fischer 344 strain. This pattern was initiated 
from a single 2-D gel and extensively edited in an experi- 
merit comparing it to a range of protein loads, so as to in- 
clude both small spots and well-resolved representations of 
high-abundance spots. More than 700 rat liver 2-D patterns 
have been matched to F344MST3 in a series of drug effects 
and protein characterization experiments, and numerous 
new spots (induced by specific drugs^ for instance) have 
been added as a result. A modified version including addi- 
tional spots present in the Sprague-Dawley outbred rat has 
also been developed (data not shown). Figure 1 shows a 
greyscale representation and Fig. 2 a schematic plot of the 
master pattern. More than 1200 spots are included, most of 
which are visible on typical gels loaded with 10 ixLofsolubi- 
lized liver protein prepared by the standard method and 
stained with colloidal Coomassie Blue. Master spot num- 
bers (MSN*s) have been assigned to all proteins, and ap- 
pear in the following figures, each showing one quadrant of 
the patiem. Figure 3 shows the upper left (acidic, high 
molecular mass) quadrant, Fig. 4 the upper right (basic, 
high molecular mass) quadrant. Fig. 5 the lower left (acidic, 
low molecular mass) quadrant, and Fig. 6 the lower right 
(basic, low molecular mass) quadrant. The quadrants over- 
lap as an aid to moving between them. The gel position (in 
100 micron units), isoelectric point (relative to the CPK in- 
ternal py standards) and SDS molecularmass (from the cali- 
bration curve in Fig. 8) are listed for each spot (Table 1). Be- 
cause of the precision of ihe CPK-p/ values, these parame- 
ters can be used to relate spot locations between gel sys- 
tems more reliably than using p/ measurements expressed 
as pH. A major objective of current studies is the identifica- 
tion of all major spots conesponding to known liver pro- 
teins, as well as rigorous definitions of subcellular orga- 
nelle contents. Of particular interest to us is the parallel de- 
velopment of identifications in the rat and mouse liver 
maps, allowing detailed comparisons of gene expression ef- 
fects in the two systems. The results of these studies will be 
presented systematically in a later edition of this database, 
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but we include here a useful series of 22 orieniing idemifi- 
^ cslions as an aid to other users of the rat liver paitein (Table 
2). 



rcoordinatc, a is 51 1.83. b is -0 J731 and c is 33183801 The 
resuhing fit appears to be fairly good over a broad range of 
molecular mass. 



22 Qrbamylfited charge standards, computed p/s and 
molecoiar mass standardixatioo 

We have previously shown that ihe use of a sysiem of close- 
ly-spaced internal pJ markers (made by Cc'rbamyiaiing a 
basic protein) offers an accurate and workable soiuiion to 
the problem of assigning positions in the pi dimension [32]. 
The same system, based on 56 protein species made by carr. 
bamylating rabbit muscle CPK, has been used here to as- 
sign p/s to most rat liver acidic and neutral proteins. The 
standards were coelecirophoresed with total liver proicins, 
and the standard spots added to a special version of the' 
master pattern F344MST3. The geJ A-cpordinaies of all 
liver protein spots lying within the CPK charge train were 
then transformed into CPK p/ positions by interpolation 
between the positions of immediately adjacent standards 
(Table 1) using a Kepler* vector procedure. 

It has proven possible to compute fairly accurate p/ values 
for many proteins from the amino acid composition {42]. 
We have attempted here to test a funher elaboration of this . 
approach,in which we computed pPs for the CPK standards 
themselves, based on our knowledge of the rabbit muscle 
CPK sequence and the fact that adjacent members of the 
charge train typically differ by blockage of one additional ly- 
sine residue (Table 3). We compared these values to similar 
computed p/s for an additional set of carbamylaied stand- 
ards made from human hemoglobin beta chains and a se- 
ries of rat liver and human plasma proteins of known posi- 
tion and sequence (Fig. 7,Table 4).The result demonstrates 
good concordance between these systems. Two proteins 
show significant deviations: liver fatty-acid binding protein 
(FABP; #1 in Table 4) and protein disulphide isomerasc 
(*20 in the table). The FABP spot present on F344MST3 
may represent a charge-modified version of a more basic 
parent spot closer to the expected p/, not resolved in the 
lEF/SDS gel. Of particular importance is the fact that, by 
comparing computed pPs of sequenced but unlocaied pro- . 
leins with the CPK p/'s, we can assign a probable gel loca- 
tion without making any assumptions regarding the actual 
gel pH gradient. This offers a useful shoncut, given the va- 
garies of pH measurement on small diameter lEF gels. We 
have used this approach to compute the CPK pPs of all rat 
and mouse proteins in the PIR sequence database, as an aid 
to protein identification (data not shown). 

In order to standardize SDS molecular weight (SDS-MW), 
we have used a standard curve fitted to a series of identified 
proteins (Fig. 8), Rather than using molecular mass perse, 
we have elected to use the number of amino acids in the* 
polypeptide chain, as perhaps a better indication of the 
length of the SDS-coaied rod that is sieved by the second 
dimension slab. The resulting values were multiplied by 
112 (the weighted average mass of amino acids in se- 
quenced proteins) to give predicted molecular masses. Be- 
cause we use gradient slabs, we have not constrained the fit- 
ted curve to conform to any predetermined model; rather 
we tried many equations and selected the best using the 
program **Tablecurvc"on a PC. The equation chosen was>' 
= 0 -t- ^jr + c/x, where>'is the number of residues, x is the gel 



33 An example of rat liver gene regulation: Cholestcnl 
metabolism 

Experiment LSBC04 was desigiied as a smaU-scale test of 
the regulation of cholesterol metabolism in vivo by three 
agents included in the diet: 16vasiaiin(Mcvacor*,an inhibi- 
tor of HMG-CoA reductase); chblestyrkmirie (a bile acid 
sequestrant iHiat has the effect of removing cholesterol 
from the gut-Iivjer recirculation); and cholesterol ilsclf.Thc 
first iwo.agents should lower ayailabic cholesterol and the 
third should raise it, allowing'^ manipulation of relevant 
gene expression control sysiems^in both directions. Such"' 
an experiment offers an interesting test of the 2-D.mapping, 
system since most of therpathwayxrizyncies^arV in 
low abundance, many are membrane-bound aiid difficult 
to solubilize, and the pathway itself is complex. Approxima- 
tely 1000 proteins were ^separated and detected in liver ho* 
mogenates. Twenty-one proteins were found to bei^ected 
by at least one treatment, and these could be divided into, 
several coreg'ulated groups. ' ^, * , > 

3.3.1 MSN 413 (putative cjiosolic HMG-GoA synthase) 
snd sets of spots regulated coordinaiely or inversely 

One group of spots (including a^spot assigned to the cyto- 
solic HMG-CoA synthase, MSN 4 13) showed the expected 
increase in abundance with Ipvastaiin or cholestyrarainc* 
the synergistic further increase with lovasiatin and choles- 
tyramine, and a dramatic decrease with the high cholesterol 
diet. Spot number 413 is the most strongly regulated pro- 
tein in the present experiment, showing a 5- to lO-fold in* 
duciion after a 1 week treatment with 0.075% lovastaiin and 
1 % cholestyramine in the diet (Figs. 9 and 10). Its expres- 
sion follows precisely the expectation for an enzyme whose 
abundance is controlled by the cholesterol level; it is pro- 
gressively increased from the control levels by cholestyra- 
mine, iovastatin and lovasiatin plus cholestyramine, and it 
sinks below the threshold of detection in animals fed the 
high cholesterol diet. This spot has been tentatively identi- 
fied as the cytosolic HMG-CoA synthase, based on a reac- 
tion with an antiserum to that protein provided by Dr. Mi- 
chael Greenspan at Merck Sharp & Dohme Research Labo- 
ratories. This enzyme lies immediately before HMG-CoA 
reductase in the liver cholesterol biosynthesis pathway, and 
is known to be co-regulated with it. Spot 413 has an SDS 
molecular weight of about 54 000 and a CPK p/of-11.4,in 
reasonably close agreement with a molecular weight' of 
57300 and a CPK pJ of -15.7 computed from the known se- 
quence of the hamster enzyme 143], 

Using a classical product-moment correlation test (Kepler 
procedure CORREL), a series of five additional spots was 
found to be coregulated with 413. The level of correlation 
was exceedingly high (> 95%). Two of these, 1250 and 933, 
are at similar molecular weights and approximately one 
charge more acidic than 413 (Fig. 9), indicating that they 
may be covalently modified forms of the 413 polypeptide. 
This suspicion is strengthened by the observation that both' 
spots are also stained by the antibody to cytosolic HMG- 
CoA synthase. The remaining three correlated spots appear 
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to comprise an additional related pair (1253 and 1001) of 
around 40 kDa and a single spot (1119) of around 28 kDa. 

' Because these two. presumed proteins are present at sub- 
stantially lower abundances than 413, and because the cyio- 
solic HMG-CoA synthase is reported lo consist of onlyone 

' type of poI>T)eptide, they are likely to represent other, very 
tightly cpreguiated enzymes. A second group of six spots 
was selected based on a regulator)' pattern close, to the in- 
verse of thai for spot 413 (MSN's 34, 79, 178; 182, 204,347; 
data not shown). For these proteinis, the lowest level of ex- 
pression occurs with exposure to lovEsiaiin-plus cholestyra- 

. .. mine.and the .highest level upon exposure ib Yhe high-cho- 
iesierol diet. Spots 182- and 79 are, highly correlaied and lie 
'about one charge apart at the same molecular weight; they 
may thus be isoforms of a single protein. The other four 

' spots probably represent additional enzymes ^or subuniis. 

332 MSN 235 and coregula ted spots , 

A third group of five spots, mainly comprised of miiochon- - = 
, drial proteins including puutivc milcchondrial HMG- ' 
CoA synthase spots, showed a modest induction by lovasta- 
^tin alone, but little or no effect with any of the other treat- * 
menls (including the combination of loyasiaiin and choles- . 
tyramine; Fig. 12).This result is intriguing because lovasla- . ' 
tin was expected to affect only the regulation of enzymes of 
cholesterol synthesis, which is entirely extra-miiochon- 
drial. Three of the spots (235, 134, 144) form a closelyr ' 
packed triad at approximately 30 kDa; and are likely to re- . 
present isoforms of one protein. All three spots are stained 
by an antibody to the mitochondrial fo;m of HMG-CoA 
synthase obtained from Dr. Greenspan. Subcellular fractio- 
nation indicates a mitochondrial location. The other two 
spots (633 at about 38 kDa and 724 at about. 69 kDa) are 
each present at lower abundance than the mcnibers of the ' 
triad. ' > 



proteins of the putative mitochondrial pathway arc so 
much more variable in their expression in aJl groups. An cx« "j 
amination of all the coregulated groups suggesu that quaD-"^ 
tiiative statistical techniques can extract a wealth of inter* 
esting information from large sets of reproducible gels.The 
abundance of spots inthe 413 coregulation group, for exam* 
pie, shows an amazing level of concordance in their relative 
expression among the five individuals of the lovastatin and 
cholestyramine treatment group. This effect is not due to 
differences in total protein loading, since they have already 
been removed by scaling, and since proteins wiib^quite dif- 
ferent regulation patiems'-fan be dernonsiraied (e.g.-,J^ig. 
15). Such'effects raise the possibility^ihat many gene coregu- 
lation sets may be revealed through the study of a sufB- 
cienily large population of control animals (i.e., without 
any experimental manipulation)>-This apprpach.e^plditing 
natural biological variation in protein expression instead of 
drug effects, offers an imponanf incentive for the construc- 
tion of a large library of control animal patterns. 



4 Conclusions 



Because of the widespread use of rat live/ inboth basic bio- 
chemistry and in toxicology^ there is a long-term need fora 
comprehensive database of liver proteins.^The rat liver mas- 
ter pattern presented here has proven to be an accurate re- 
presentation of this. systein, having been matched to more 
than 700 gels to daie:As the number of proteins identified 
and the number of compounds tested 'for gene expression 
effects grows, we expect this daiabake to contribute valu- 
able insights into gene regulation. Its practical utility in sev- 
eral areas of mechanistic toxicology is already being de- 
monstrated. ' 
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3JJ An example of an abli-synergistic effect 

A sixth spot (367) shows strong induction by lovastatin 
(two- to threefold), and about half as much induction with 
lovastatin plus cholest>Tamine, but without sharing the ani- 
mal-animal heterogeneity pattern of the 235-set (Fig. 13). 
This protein is also mitochondrial, and represents the clear- 
est example of an anti-synergisiic effect of lovastatin and 
cholestyramine. The existence of such an effect demon- 
strates that lovastatin and cholestyramine do not act exclu- 
sively through the same regulatory pathway. 

3 J.4 Complexity of ibe cholesierol s>-Dtbesis pathway 

Taken together, these results suggest that treatment with lo- 
vastatin alone can affect both cytosolic and mitochondrial 
pathways using HMG-CoA, while cholestyramine, on the 
other hand, either alone or in combination with lovasutin, 
produces a strong effect on the putative cytosolic pathway, 
but little or no effect on the putative mitochondrial path- 
way. An explanation for this difference may lie in lovasta- 
tin's effect on levels of HMG-CoA and related precursor 
compounds that are exchanged between the cytosol and 
the mitochondrion, whereas cholestyramine should affect 
only the cytosolic pathways directly controlled by cholester- 
ol and bile acid levels.lt remains to be explained why some 
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Figuff J. Synlheiic rcprcsemaiion of the sundard r« liver 2-0 masier pattern, rendered as a greyscale image using a videoprinter. 
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Figure 3, Upper left (high molecuUr weight, acidic) quadrAnt (#1) of the rat liver map, showing spot numbers. 
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/y««rr Upper righi (high molecular weight, basic) quadrani (#2) of the rat liver map. showing spot numbers. 
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Tiiurt 8. Ploi of numberbf amino.»cid$ venus gel r-posiiioa,. wiih fuicd 
curve used to predict motecular miss of unidentified proiein$,--: 
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^ Figure Z (a) Plot of computed isoelectric point versus gel X-posi'iion for 
- two sets ofxarbamylaied sundard.proicins. (rabbit muscle GPK-H and 
human hemoglobm t chain, filled diamonds) and.several other prpteins 
. (shaded squares), (b) The identities of ibe^various proteins represented 
by the squares are indicated by the numbers in conespondina posiUons 
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Figure 9. Montage showing effects in the 
region of MSN:4I3.'rhe monugeshowia 
small window into one portion of the 2-D 
pattern, one row of windows for each expe- 
rimental group, and one panel for each gel 
in the experiment. The left-most pattern 
in each row is a group-specific copy of the 
master pattern followed by the pattenu 
for the five individual rau in the group. 
The highlighted protein spou (filled circ- 
Ics) are spot 413 (on the right of each pan- 
el; identified as cytosolic HMG-CoAvyo- 
thase) and two modified forms of it (1250 
From the top, the rows (experi- 
mcnul groups) are: high cholesterol. con- 
trols, cholestyramine, lovasutio, and tova- 
sutin plus cholestyramine. 
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Figurt J I. Bargraphs of a series ofsix core* 
gulated spots including MSN:413. in the 
bargraphs. the abundances of the appro* 
priate spot (master spot number shown at 
the top of the panel) in each animal arc- 
shown. The five five-animal groups art in 
the order (left to right): high cholesterol, 
controls, cholestyramine, tovasuiin, and 
lovasiatin plus cholestyramine. Each bar 
within a group represents one experimen- 
ul animal liver (one 2-D gel). Note the cor* 
related expression of the 6 spots, espe- 
cially in the two far right (most strongly in- 
duced) groups. 
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Figurt 12, Dau on^a second coreguUted 
group ofspou, presented as in Fig. ] l.The 
foiirtb experimenu] group' (lovasuUn) 
shows a modest induction, while the Tiflh 
group (Iqvastaun plus chblestynmtne) 
docs not/; '-^ 
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Figurt IS, Data on spot MSN:367. presented as in Fig. U. This protctn 
shows unambiguously the anii-synergisiic efTeci of Jovasulin and choles- 
tyramine (fifth group) as compared lo lovastatin (fourth group). This res- 
ponse contrasts strongly with the regulation pattern seen in Fig. 11. 
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Table 1. Master ublc of proteins in the rat liver database*' 
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302 


494 


1280 


-28.1 


20 40D 


303 


403 


1006 


-32.6 


30 100 


304 


1843 


1565 


-0.7 


10 300 


''^ 305 


1049 


503 


-11 1 


4B fiOO 


306 


1606 


909 


•3 3 


30 900 


307 


1219 


916 


-8.5 


33 700 


308 


1627 ' 


755 


-3.0 


40 700 


309 


1524 


892 


-4.4 


34 700 


' 310 


1769 


1028 


-1.5 


29 400 


311 


1609 


1451 


^.3 


14 700 


312 


266 


1406 


<-35.0 


16.100 


< 313 


1902 


1365 


-0.3 


17.600 


314 


1316 


1395 


-7J 


16,600 


315 


1341 


523 


-7.0 


54.900 


316 


1104 


1053 


-10.1 


28.500 


320 


1480 


1450 


-4.9 


14,400 


321 


850 


603 


-15.1 


49.100 


322 


1454 


1494 


•5.3 


13 300 


323 


670 


626 


-20.0 


47 700 


324 


655 


101 


-20.6 


420 500 


325 


1521 


676 


-4.4 


44 .BOO 


326 


1587 


677 


-3.6 


44 TOO 


327 


1388 


409 


-6.3 


67 000 


328 


448 


1291 


•30.0 


20.100 


330 


1608 


751 


-3.3 


40.900 


331 


1566 


697 


-3.6 


43.700 


332 


531 


471 


-26.3 


59,600 


333 


764 


1156 


•16.7 


24,700 


334 


1059 


407 


-10.9 


67.300 


335 


1593 


303 


-3.5 


88.500 


336 


1616 


598 


-3.2 


46,400 


338 ' 


1854 1004 


-0.6 


30,300 


339 ' 


1265 


688 


^.0 


34.900 


340 


581 


585 


-23.6 


50.300 


341 1497 1047 


-4.7 


28.700 


343 1351 


265 


-6.8 


102.200 


344 1813 


549 


-0.9 


52.800 
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'347 
348- 
349' 

350; 
351 . 
352' 
353 
354; 
355' 
356' 
357' 
356' 
359 ' 
360/ 
361 
362; 
363' 
364; 
365. 
366'. 
367' 



390 
391 
392 
393 
394 
395 
396 
397 
399 
400 
401 
403 
404 
405 
406 
409 
410 
411 
412 
413 
415 
416 
417 
418 
419 
420 
421 
422 
423 
424 
425 



345 1006 
^CQS 
62S 
361 
lltf 
521 
912 
1574 
961 
706. 
1450' 
1374' 
474' 
796 
764 
1364/ 
1713 
; 1161 

^ 741 
678 
' 1560' 
963 
434 
639 
1587. 
; 1875 
1351 
1506 
1823 
254 
' 1409' 
621 
1017 
953 
856 
1252 
1699 
1042 
1490 
1554 
1193 
1374 
1456 
718 
1799 
1482 
1227 
1530 
1410 
912 
1465 
1473 
1029 
1516 
1495 
1525 
723 
650 
1501 
936 
350 
1033 
737 
1578 
646 
1695 
725 
1289 
1171 
599 
929 
739 
1490 



578 
6^40 
728 



370 
371 
372 
373* 
374 
375 
376 
377 
378 
379 
381 
382 
383 
384 

365 



367 
388 



1343 
1130 
619 
530. 
912 
762 
830 
1152 
997 
346 
338 
1066 
769 
859 
1156 
435 



1503 
935 
520 
441 
610 
860 
762 
1059 
715 
532 
417 
583 
494 
595 
598 
674 
258. 
1518 
493 
583 
603 
404 



690 
732 
758 
1461 
577 
755 
256 
1063 
450 
1140 
754 
554 
1092 
252 
663 
478 
1057 
1120 
538 
425 
606 
496 
482 
770 
1041 
912 
162 
656 
625 
965 



-11.9 
-10.3 
-21.7 
-35.3 
<-35.0 
•26.7 
-13,9 
^.7 
•12.9 
-18.6 
•5.3 
4.5 
•28.7 
-16.3 
•17.3 
-6.4 
-2.1 
•9.3 
•13.6 
-32.0 
-17.9 
-14.6 
^.9 
-12i4 
-31.0 
•21.2 
0.6 
-6.5 
-6.8 
-4.6 
0:9 
<-35.0 
^.1 
-21:8 
•11.7 
-13.1 
-1^.0 
-8.1 
•2.3 
-11.2 
-4.7 
-4.0 
-6.9 
•6.5 
■5.2 
-18.5 
-1.1 
-4.8 
^.4 
-4.3 
-6.0 
•13.9 
•5.0 
-4.9 
-11,5 
-4.4 
-4.7 
-4.3 
-18.4 
-20.8 
-4.6 
•13.4 
•35.9 
•11.4 
•16.0 
•3.7 
-21,0 
-i3 
•18.3 
•7.7 
-9.1 
-22.6 
■13.6 
-17.9 
-4,7 



50.600 
'•'46.800 
42.000 
31,106 
18.300 
25,700 
46.100 
54.360' 
33.900. 
40,400, 
37.300 
24.900 ^ 
30.600 
77.800'. 
79.400 „ 
27.900 
40,100 - 
36.100 
24,806! 

63.706, 

58.200 

13,000 

33.000 ' 

55.200 

63,000. 

48.700'- 

36.100 , 

40.400 

28.300 

42.700 

54.200 

65.900 

50.400 

57.500 

49.600 

49,400 

44,900 

105.300 
12.500 
57.500 
50.400 
49,106 
67.700 
34.300 
31,700 
44.000 
41.900 
40.600 
14,400 
50,800 
40.800 

106.400' 
26,100 

61.900 
25,300 

40.600 

52,500 

27.100 
106,000 

45.500 

59.000 

26.300. 

26.000 

53.700 

64,900 

46,900 

57,300 

58.600 

40.000 

26.900 

33,900 
193.700 

36.200 

47,700 

31.600 



1i 
610 

1i 

1: 

1253 
734 
463 
518 

1020 

1122 

1670 
435 
86 

1740 



704 



743 

801 
1050 
1245 
1576 
1818 
1094 
1945 
1652 
1403 
1394 

905 
1038 
1596 
1528 
1096 

849 
1814 
1388 
1194 

577 
1140 
1797 
1293 
618 



1426 
433 

1041 

1170 
196 
673 

1102 
847 
544 

1571 
335 



1; 
1516 
1021 
440 



894 



716 
436 
561 



863 
1137 
1125 
1072 

481 
1064 

467 



426 
427 
426 

•429 1250 847 
430 
431 
432 
434 
435 
436 
437 
438 
439 
440 
441 
443 
446 
447 

4:t8 
449 

450 
451 
452 
453 
454 

457 
'459 
460 
461 
.462 
463 
464 
465 
466 
466 

470 
471 
472 
473 
474 
475 
476 
477 
478 
479 
480 
462 
483 
485 
486 
467 
488 
489 
490 
491 
492 
493 
494 
495 
496 
497 
499 
500 
501 
502 
503 
504 
505 
506 
507 
508 



524 
1133 
655 



510 



1205 
1035 
160 
469 
599 
1009 
1216 
816 
693 
1606 
478 
1025 
1045 
1609 
775 
692 
1100 
1760 
862 
470 
494 
960 
1414 
1234 
1246 
824 
1246 
1115 
1189 
1578 
787 
979 
1153 
1730 



215 
788 
155 
1370 



540 

235 
346 
673 

1013 
599 
607 

1166 
301 

1289 
178 
964 
776 
247 

1258 

1436 
852 



1072 



792 
1134 
1407 
391 
402 
250 
552 
619 
H 



-7* 
•16.0 
-3.9 
-6.0 
-6.1 
-18.1 
-26.5 
-26.9 
•11.6 
-9.8 
-0.5 
-31.0 
<35.0 
-1.8 
•22.8 
-17.8 
•16.2 
-11.1 
-8.2 
^.7 
-0.9 
•10.3 
>0,0 
•2.8 
-6.1 
-6.3 
■14.0 
•11.3 
-3.4 
-4.3 
-10.2 
-15,2 
-0.9 
-6.3 
^.9 
•23.9 
-9.6 
•1.1 
-7.6 
-21.9 
>0.0 
-8.7 
-11.4 
<-35.0 
-28.9 
•22.8 
-11.8 
-8.6 
-15.9 
-19.3 
•3.3 
•26.6 
•11.5 
-11.2 
•3.3 
-17.0 
•19.3 
-10.2 
•1.6 
-14.5 
-28.9 
•26.1 
•12.5 
-6.0 
-6.3 
•6.2 
■15.7 
-8.2 
-9.9 
-8.9 
•3.7 
-16.6 
-12.5 
-9.4 
-2,0 



43X0 
36.600 
66.700 
36.600 
51.900 
15.500 
63.900 
26.900 
24.300 
147.600 
45.000 
26.700 
36.600 
53.200 
10.800 
60.100 
45.200 
33.300 
19.800 
12.600 
29.600 
63.100 
38.600 
34.600 
56.900 
42.600 
63.500 
50.500 
91.400 
35.900 
25.400 
25.800 
27.800 
56.700 
27.300 
60.100 
34.900 
54.800 
25.500 
46.000 
69.900 
131.300 
39.200 
207.600 
17.400 
45.600 
53.500 
117.400 
77.800 



30.000 
49.300 
48.800 
23.700 
89.200 
20.100 

169.300 
31.800 
39.700 

110.700 
21.200 
15.200 
36,400 
53.100 
27,800 
45.700 
39.000 
25.500 
16.200 
69.700 
66.000 

109.000 
52.600 
46.100 
30.200 
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511 
512 
.513 
514 
515 
515 
517 
516 
510 
520 
521 
5^ 
523 
524 
525 
526 
527 
526 
530 
532 
533 
534 
£35 



.1634 



706 



536 
539 
540 
541 
642 
543 
544 
545 
546 
547 



540 

550 
552 
553 
555 
556 
557 
556 
559 
560 
562 



600 484 

1090 
1606 
048. 

481 1' -' ,543 
1334 > H044 
1021 
779 
- -670 
632 . 165 
1332 830 
603 '1104 
1190 
470 
766 
747 
1170 
1502 
1728 
507 
870 
1347 
1513 
306 
1851 
1463 
909 
625 
1164 
803 
1259 
856 
803 
1162 
128 
1355 



■;1 
1 

.1016 
231 
542 
620 
CI Oil 
0 489 
1085 
.346 



062 
561 
280 
196 
655 
1143 
1526 
1071 
274 
1321 
1122 



567 



570 

571 

573 

574 

575 

576 

577 

578 

579 

560 

581 

582 

584 

565 



1369 
992 
1125 
705 
1477 
980 
700 

1028 
898 
789 
777 
060 

1510 

1212 
760 
618 

1142 
532 
771 

II 



404 

405 
410 

975 
1030 



1109 
621 
704 

1446 
766 
328 
611 
661 
504 



587 

588 

589 

590 

591 

592 

503 

594 

595 



914 

1064 
1524 
1392 
962 
1467 
756 
687 
930 
1686 
642 
1317 
65 
1014 
732 
1627 
1009 



771 
787 
250 
534 
734 
754 
704 
714 
783 



672 
731 
1152 



774 
485 

510 
1548 
614 

176 
478 

1. 



-16.0 
. rlO^ 

';-i3 

-13^ 
-28,5^ 
-7.1 
ii4.8 
•16^ 
-15.7 
-21.5 
T7.i 
-22.6 
-^.0 
'28.6 
-17^ 
-17.7 

^.6 

-aLo 

:-:."27.4 

i i14.7 ; 
^.6 
-4.5.,, 
<-35.0 
-017 
-5.1 
-13.0 
-21.7 
-6.2 
.16.2 
-8.0 
-15.0 
rl6.2. 
-0.3 
<-35.0 
-6.6 
-23.0 
-6.6 
-12.2 
-0.8 
•18.0 
-4.9 
-12.5 
-10.1 
-11.5 
-14.1 
-16.6 
-16.0 
-12.5 
-4.4 
-8.6 
-17.4 
-21.0 
-6.6 
-26.2 
-17.1 
-10.8 
-15.7 
-13.8 
-10.8 
-4.4 
-6.3 
-12.4 
-4.8 
-17.4 
-10.5 
-13.5 
-0.4 
-21.1 
-7.3 
<-35.0 
-11.7 
-18.1 
-3.0 
-11.8 



> ) 



58.400 
54,100 
26^ 
47.100 ^ 
,53,400 . 
28.800 
29.700 
'39,600 
45.100 
.189.000 
.37;300 . 
. 26.600 
86,800 
■ 22.300 
C';., 28,000 
29.800 
119,600 
\ .63,400 
48.000 
30.000 
57.900 
27.300 = 
77.800 . 
\ 46.000 
' 44,100 
^ 31;100 

52.000 

93.100 

146.200 

45.900 

25.200 

12,200 
. 27,800 

98.400 

19.000 

25.900 

35.800 

57.500 

67.600 

66.900 

31.400 

29.300 

50,400 

26.400 

48.000 

38.900 

14,900 

40.200 

81.000 

48,600 

45.600 

49.700 

3^100 
40,000 
39,300 
109.200 
54,100 
41.800 
40.800 
38.900 
42,800 
39.400 
44,200 
45.000 
41.900 
24,000 
55.000 
39,900 
58.300 
55.300 
11.500 
48.400 
172.300 
50.000 
15.500 



596 
597 
596 



600 
601 
602 

" 603 
"^■'604 
605 
606 

608 
609 
610 
612 
613 
614 
615 

ei6 

617 
618 
619 
620 
621 
622 
623 
' 624 

625 

626 

627 

628 

629 

630 

631 

632 

633 

634 

635 

636 

637 

638 

639 

640 

641 

642 

643 

644 
645 
646 
648 
649 
650 
651 
652 
653 
654 
655 
656 
657 
658 
659 
660 
661 
662 



665 



667 

668 

669 

670 

671 

673 



619 
1176 
1465 
741 

907 
687 
712 
898 
783 
736 
; €29 
.1064 
863 
2012 
1255 
1103 
778 
-824 
1095 
1759 
994 
751 
1429 
1050 
923 
1462 
759 
758 
1438 
1096 
942 
809 
899 
1135 
079 
1542 
1345 
409 
1165 
774 
1263 
952 
1717 
994 
165 
803 
719 
1100 
534 
1153 
1246 
14 
1713 
1996 
1378 
1442 
650 
1111 
1095 
1524 
1777 
391 
977 
656 
732 
1787 



269 
461 
1044 

i 1188 
402 



689 
715 
781 
646 
1116 
1382 
547 
084 



1138 
181 
1461 
223 
273 
^ 286 
503 
610 
903 
391 
265 
518 
195 
478 
372 
374 
518 
520 
1105 
622 
225 
1038 
606 
1089 
548 
621 
979 
1321 
615 
1076 
814 
950 
704 
604 
524 
411 
575 
292 
1224 
251 



294 

1263 
1038 
204 
1406 
1049 
1183 
816 
1165 
806 
551 
861 
540 
660 
584 
565 
166 
312 
567 
268 
775 
221 
227 
165 
353 
643 
789 
746 



•21.9 
-9.1 
-5:0 
-17.9' 
-14.0: 
•19^ 
-18.7 

-16.7 
-18.0' 
-21.8'' 
-10.8 ■ 
-14.5 

>o.o : 

-8.1 
-10.1 ' 
-16.9' 
•15.7\' 
-10.3 < 

-1.6 
-12.1:.; 
-17.6 * 

-5.7^ 

-11.1,:. 

-13.7 
-5.1 , 

-17.4 ; 

•17.4^^ 
-5.5'; : 

-10.2 ■ 

-13.3 

-16.0 

-14.1 
•9.6 

-12.5 
-4.1 
-6.9 

-32.2 
-9.2 

-17.0 
^.0 

-13.1 
-2.1 

-12.1 
<-35.0 

•16.2 

•18.5 

•10.2 

•26.1 

-9.4 

-8.2 
<-35.0 

-2.1 

>0.0 

-6.5 

-5.5 
•20.8 
•10.0 
•10-3 

-4.4 

•1.4 
•33.4 
-12.5 
-20.5 
-18.1 

-1.2 
•14.4 
-14.3 
-18.6 
-16.8 
-21,0 

-9.9 

-6.4 
-25.3 
-12.4 



100.500 
60,700 
26.600 
^'23.600 
68.000 
.45.800 
25.400 
165.200 
14.400 
125.300 
96.700 
04.000 
56,700 
* 48.700 
34.200 
69.600 
! 102.000 
h 55,400 
149,100 
59.000 
: 72.900 
72.400 
'55.300 
155.200 
I 26,600 
47.900 
124.000 
29.000 
48.900 
: 27.200 
53.000 
48.000 
31,300 
19,100 
48.300 
27.600 
38.000 
32.400 
43.300 
49.000 
54,800 
66,700 
51.000 
92.000 
22.400 
106.900 
90.700 
91.400 
21.000 
29.000 
140,000 
16.200 
28,600 
23.600 
38,000 
24.400 
38,400 
52.700 
36.000 
53.600 
36.000 
50,400 
51.700 
187,500 
86.100 
51,500 
100,900 
39,600 
126.300 
122,400 
189,100 
76,300 
46.600 
39,200 
41.200 



0. 
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674 

i675 
676 
677 
678 
670 



681 
682 
683 
684 
685 



687 



690 
601 
692 
693 
604 

606 
607 



699 

702 

703. 

705 

706 

707 

709 

710 

712 

713 

714 

715 

716 

717 

718 

719 

721 

722 

723 

724 

725 

726 

727 

728 

729 

730 

731 

733 

734 

735 

736 

738 

739 

740 

741 

742 

743 

744 

745 

746 

748 

749 

750 

751 

752 

754 

755 

756 

757 

760 



1661 
1523 
708 
910 

1085 
600 
1237 
1103 
1406 
1596 
555 
1167 
1932 
1645 
1456 
1011 
1995 
812 
1154 
1993 
1628 
928 
185^ 
1997 
957- 
1540 
577; 
I610I 
1278 
1841'^ 
1018 
1074 
293 
720" 
1386 
1328 
698 
701 
1875 
575 
1216 
1069 
1272 

OCA 

763 

720 
1476 
1846 

510 
1217 
1856 

665 
1321 

719 
1101 
1359 

696 

687 
1205 

995 

898 

881 
1951 

726 

999 

182 
2005 
1448 

792 

469 

664 
1195 
1821 

909 

790 



¥2 
615 

551 



1004 



477 
240 



1313 



610 
764 



270 



1461 
810 



71 S 
345 



730 
900 



571 
704 
1386 
1145 



412 
841 



433 
481 

699 
702 
204 



395 
916 
415 
473 
783 
1126 
724 
765 
312 
427 
473 
569 
220 
409 
256 
563 
596 
181 



1( 
643 
1503 
649 
575 



254 
184 
1113 
246 
133 



MA 
-18J 
•13.7 

-ibj 

-2i2.7 



•10.1 
-6.1 
•3.4 

-24.8 
-9.2 

;^ao 
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Table 3. Compuicd pf* of two sets of ctrbamyUicd protein sUndards: Rabbit muscle CPK and buoun 
hemoglobin (Hb) 
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Table 4. Compuied pts of some known proieins related to measured CPK pfs 
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turc abd tbc associated. shift to strong seleciiop forirowth, 
, and how dprihcsc aJTcci expcrimcmaJ outcomes^ 
the apparent advantages of in viiro systems, in terms of ex- 
perimental masipulationv may. be . counterbalanced by 
other factors tclaiihg 10 2-D dau quality. 

,Tbcre b s?c6nd imponarii class of reasons for exploring 
' liit usepf an in v/vo'bibldgical sj'Siem such as the liver. His- 
. tdrically. lhcrc.have: b^cen xy>'p broad approaches to the me- 
^ chanistic dissection of biocb'eniicaJ processes in intact cel- 
lular systems: genetics (a search for informative mutants) 
and the use of chemical agents {drugs and chemical toxins). 
Both approaches'belp us to- understand complex systems 
by, disrupting some specific functional element and show- 
.ihg.us the result. With the. development of techniques for 
genetic manipulation and cloning, the genetic approach 
can be effectively applied either in vitro or. in vivo, although 
the in vitro louit is usually quicker. The chemical approach 
can also be applied to either son of biological sysiem;.herc, 
however, the bulk of consistently acquired information is 
in experimental animals (rats and mice).'^^ije most biolo- 
gists know a short list of compounds having specific, experi- 
mentally useful effects (e.g., inhibitors of protein synthesis, 
ionophores, poljTncrase inhibitors, channel blockers, nu- 
cleotide analogs, and compounds affecting polymerization 
of c>ioskeletal proteins), there is a much larger number of 
interesting chemically-induced effects, most of them char- 
acterized by toxicologists and pharmacologists in rodent 
systems. Just as a thorough genetic analysis would involve 
saturating a genome with mutations, ii is possible to ima- 
gine a saturating number of drugs, the analysis of whose ac- 
tions would reveal the complete biocbemistr>' of the cell, 
'^'hile organized drug discover)* efforts usually target spe- 
cific desired effects, the nature of the process, with its de- 
pendence on screening large numbers of compounds, ne- 
cessarily produces many unanticipated effects. It is there- 
fore reasonable to suppose that the required broad range of 
compounds necessary' to achieve ^^biochemical saturation" 
maybe forthcoming; in fact, it may already exist among the 
hundreds of thousands of compounds that failed to qualify 
as drugs. 

Among organs, the liver is an obvious choice for the study 
of chemical effects because of its well-known plasticity and 
responsiveness. The brain appears to be quite plastic (e.g. 
[7]), but it is a complicated mixture of cell types requiring 
skUlful dissection for most experiments. The kidney, while 
quite responsive, also presents a potentially confounding 
mixture of cell lypts. The liver, by contrast, is made up of 
one predominant cell type which is eas>* to solubilize: the 
hepatocyie, representing more than 95% of its mass. Most 
imponantly, the liver performs many homeostatic func- 
tions that require rapid modulation of gene expression. It 
appears that most diemical agents tested affect gene ex- 
pression in the liver at some dosage (N. Leigh Anderson, 
unpublished observations), an interesting contrast to our 
earlier work with lymphocytes, for example, which seem to 
be much less responsive. Such results conform to the expec- 
tation that cells with a homeostatic, physiological role 
should be more plastic than cells differentiated for a pur- 
pose dependent on the action of a limited number of spe- 
cific genes. 

The liver also allows the parallels between in vitro and in 
vivo systems to be examined in detail. Significant progress 



has been miide in the development bf mouse, rat and hu- 
man hepatocyie culture systems, as well as.in precision-cut 
tissue slices. Usiiiig stich ah array.of iedmiquci,il'is,p(i$$|. 
blc to assemble a matrix of mammalian systems ihdudjng 
mouse and m in vivo on one leveLand mouse,. rat and hu* 
man >/j vi/ro on a second- level, and to compare efTects be- 
iween'species and between systems. This approach allows 
us to draw informed conclusions regarding the biochemical 
^Iniv^rsaIity" of biological responses among the mammals, 
and to' offer some insight into the vaJidiiy of in vitro ap- 
proaches for ioxicological scrcenipg. We believe this dau 
will be necessary if://i v/rro alternatives are to achieve wide 
usage ingovcmment-mandatcd safeiytesiing of drugs, con- 
' sumer products and indiistrial and agricultural chemicals. 

A number bfinteresiing.siudies have been; 
2-d mapping b examine effects in the rodent liver A num- 
ber of jnvesiiigarprs , have made use of the technique to 
screen forexisting genetic variants [8-11] or induced muu- 
lions [12-14], mainly in ihemousc. This work builds on the 
wealth of genetic information available on the mouse and 
its established posiiioii as ai •mammaiiari muution-de'tec- 
tion system. ^^'hile'sbIile studies of chemical cffccis have 
been undertaken in the rhouse'[15-17],'mbst have used'the 
rai (18-23). The examination of the cytochrome p-450 sys- 
tem, in particular, has been carried out almost exclusively 
on the rat (24, 251. 

These considerations lead us to conclude that rodent liver 
offers the best opponunity to systematically examine an 
array of gene regulation systems, and ultimately to build a 
predictive model of large-scale mammalian gene control. 
The basic underlying foundation of such a project is a reli- 
able, reproducible master 2-D pattern of liver, to which on- 
going experimental results can be referred. In this paper, we 
repon such a master pattern for the acidic and neutral pro- 
teins of rat liver (pattern F344MST3).ln future, this master 
will be supplemented by maps of basic proteins, and analog- 
ous maps of mouse and human liver. 



2 Materials and methods 
2.1 Sample preparation 

Li ver is an ideal sample material for most biochemical stud- 
ies, including 2-D analysis. A sample is taken of approxima- 
tely 0.5 g of tissue from the apical end of the left lobe of the 
liver. Solubilization is effected as rapidly as practical; a 
delay of 5-15 min appears to cause no major alteration in 
liver protein composition if the liver pieces are kept cold 
(e.g., on ice) in the interim. In the solubilization process, 
the liver sample is weighed, placed in a glass homogenizcr 
(e.g., 15 mL Wheaton); 8 volumes of solubilizing solution* 

* The solubilizing solution is composed ot29/o NP-40 (Sigma), 9 m urea 
(analytical grade, e.g., BDH or Bio-Rad), 0.5% diihiothreitol (DTT; 
Sigma) and 2% carrier ampholyies(pH 9-11 LKB: ihese come ti »20* 
stock solution, so 3 % final concentration is achieved by making the nnal 
solution 10% Ampholine by volume). A large baich ofsolubilizer 
(several hundred mL) is made and stored frozen at -SCC in aliquou 
sufTicicnt to provide enough Tor one day's estimated sample prepan- 
lion requirement. The solution is never allowed to become wanner 
than room temperature at any siage during preparation or thawing for 
use, since heating of concentrated urea solutions un produce cootami* 
nanu that covalenily modify proteins producing anifactuaJ charge 
shifts. Once thawed, any unused solubilizer is discarded. 
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is added 4 mL per 0.5 g tissue) and the mixtrre is ho- 
mpgenized using firsi>thc.laose. and then then the light-fu- 
lini glass pcsUc. This lakes approximaieiy 5 strokes with 
each pestle and is carried out at room icnpcraiurc because 
urea would co'stallize out in the cold. Once the liveisanipie 
is thoroughly hcmogcnized in the solubilizer. it is assumed 
that all the proteins are denatured (by ihe,chaoircpic cfifect 
of the urea and NP-40 detergent) ajid the enrcmes inacti- 
vaied by the high pH (-9.5), Therefore these samples may 
be kept at room temperature until they can be cenirifugcd 
or frozen as a group (within several hours of preparation) 
The samples arc ccntrifuged for 6 X 10* ^ min (e.g,, 500 000 
X i for 12 mm using a Beckman TL-100 centrifuge) The 
centrifuge rotor is maintained at just beiow^room-tempcra- 
lure (e.g., 15-20 "C), but not too cold, so as to preVeni the 
precipitation of urea. The centrifuge of choice is a Beckman 
TL-] 00 because of the sample tube sizes available, bu/anv 
uJiracentrifuge accepting smallish tubes wijj sufiice:'\\'hen 
an appropriate centrifuge is not available near the site oV 
sample preparation, samples can be frozen- at --SOT and 
thawed prior to cenirifugaiion and coJleciion of sypema- 
tanis.Each supernatant is carefully removed following cen- 
irifugaiion and aliquoied into at least 4 clean tubes for stor- 
age. This is done by transferring all the'supemaiant io one 
clean tube, mixing this gently (to assure homogerieous 
composition) and then dividing- ii inio 4 aiiquoii- Tne ali-^ 
quots are frozen immediately at -SO'C These muiiiple ali- 
quois can provide insurance against a failed run or a freezer 
breaJcdown. 

12 Two-dimensional eJecirophbresis , 

Sample proieins are resolved by2-D elecirophoreMs u^ing 
ihe 20 X 25 cm Iso-Dalt* 2-D gel system ([26-2?]- pro- 
duced by LSB and by Hoefer Sciemific Instrumenis, San 
Francisco) operaiins with 20 gels per batch. All firsi-dimen- 
sional isoelectric focusing (JEF) gels are prepared using the 
same single standardized batch" of carrier ampholytes 
(BDH 4-8A in the present case, selected by LSB's batch- 
testing program for rat and mouse database work**). A 10 
uL sample of solubilized liver protein is applied to each gel 
and the gels are run for 33 000 lo 34 500 volt-hours using a' 
progressively increasing voltage protocol implemented by 
a programmable high-voltage power supply. An Ange- 
lique" computer-conirolied gradient-casting system (pro- 
duced by LSB) is used to prepare second-dimensional sod- 
ium dodecyl sulfate (SDS) polyacrylamide gradient slab 
gels m which the top 5 % of the gel is 1 1 %T acr\'lamide, and 
the lower 95% of the gel varies linearly from 11 % to 18%T 
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tlor ini h,M ^ T '^^out equilibra- 

tion and held ID place by polyester fabric wedges SS. 

g.es- produced by LSB) to avoid the use of hofagl«2 
Second-d.mens.ODal slab gels axe run overnight, in fr^S' 
of 20. 10 cooled DALT tanks (lO'C) with buffer circuuSS 
All run parameters, reagent source and lot infonnaUon. 
and notations of devwtion from expeaed results are ente^ 
red by the technician responsible on a detailed. multi-oaBe 
record of the expeiimem. * 

12 Siaining 

Following SDS-elecirophoresis. slab gels are stained for 
proiem usmg a colloidal Coomassie Blue G-250 procedure 
.n covered plasiic. boxes, with 10 gels (totalling appjoxima- 

'V-v Procedure.(based on the 

,pf Neuhofr [30,31]) .nyoWes fucaiion in L5 L'of 50% etha- 
.norand 2% phosphoric afid for 2h..three 30 min washes 
each .n 2 L of cold tap water, and transfer to 1.5 L of 34% 
methanol 17% ammoiiiumiulfateSnd 2% phosphoric acid 
for 1 h, followed by the addition pf a gram of powdered Coo- 

d«)s to reach equil.bnum mtensity. whereupon eels are 
transferred to cool tap water and their surfaces rinsed to re- 
move any paniculate stain prior to scanning: Gels may be 
kept for several months in water with added sodium azide 
The water washes remove ethanol that would dissolve the 
stain (and render the system noncolloidal, with high back- 
grounds). Tbe concentrated ammonium sulfate and meth- 
anol solution is diluted by equilibration with the water vol- 
ume of the gels to automatically achieve the correct final 
concentrations for colloidal staining. Practical advantages 
orthis staining approach can be summarized as follows- (i) 
the low. -flat background makes computer evaluation of 
small spots (max OD < 0.02) possible, especially when 
tjsmg laser densitometry; (ii) up to 1500 spots can be reli- 
ably detected on many gels (e.«., rat liver) at loadings low 
enough to preserve excellent resolution; and (iii) reprodu- 
cibility appears to be very good: at least several hundred 
spots have coenicients of reproducibility less than 15% 
This value is at least as good as previous CBB methods, and 
significantly better than many silver suin systems 



This system has recently been modified so as to employ a 
commercially available 30.8 %T acrylamide/A^.Ar-methyle- 
nebisaciylamide prepared solution (thus avoiding the han- 
dling of the solid acrylamide monomer) and three addi- 
tional stock solutions: buffer (made from Sigma pre-set 
Tris), persulfate and A^.A'.yv.A^-tetramethyleihvlenedi- 
amine (TEMED). Each gel is identified by a computer- 
printed filler paper label polymerized into the lower left cor- 
ner of the gel. First-dimensional lEF tube gels are loaded 

•■ This maierial (succeeding certified batches of which are available from 
Hoefer Scientific Instrumenis) has the mosi linear pH gradient pro- 
duced by any ampholyte tested except for the Pharmacia wide range 
(which has an unaccepuble tendency to bind high-mclecuUr weight 
acidic proteins, causing Ihem to streak). 



2.4 Positional standardization 

The carbamylated rabbit muscle creatine phosphokinasc 
(CPK) standards [32] are purchased from Pharmacia and 
bUH.Amino acid compositions, and numbers of residues 
present m proteins used for internal standardization are 
taken from the Protein Identification Resource (PIRl sc. 
quence database [33]. 

2.5 Computer analysis 

Stained slab gels are digitized in red light at 134 micron re- 
solution, using either a Molecular Dynamics laser scanner 
(with pixel sampling) or an Eikonix 78/99 CCD scanner 
Raw digitized gel images are archived on high-density DAT 
tape (or equivalent storage media) and a greyscale video- 
print prepared from the raw digital image as hard-cony 
backup of the gel image. Gels are processed using the Keo- 
ler software system (produced by LSB). a commercially 
available workstation-based software package built on 
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some oflhc prinriplcs of ihc csrlicr'n'CKO sysicm [34- 
41). Procedure PROCOOH is used to yield i spoilist giving 
position, sh£pc and density inronnaiicn forcsch detected 
spot. This procedure makes use of c?ifiial filtering, maihc- 
maiical morphoFogy techniques and digitaJ inaskiDE to re- 
move the bEckgrouDd, and uses full 2-D leasi-squaies opti- 
mization to refine the parameters of a 2-D"G£U5si£n shape 
for each spot. Processing parameters and file 'locations are 
stored in a relational database, while virious log files detail- 
ing operation of the automatic analysis. sofiware are ar- 
chived with the reduced daia.The computed resolution and . 
level of Gaussian convergence of each gel are inspected 
and archived for quality control purposes. " " ^ . . 

Experiment packages are constructed using the Kepler ex- 
periment definition database to assemble groups of 2-D 
patterns corresponding to the experimental groups {e.g., 
treated and control animals). Each 2-D paiiem^is matched 
to the appropriate *'m£Ster" 2-D panem (paiiem 
F344MST3 in the case of Fischer 344 fat liver), thereby 
providing linkage to the existing rodent protein 2-D data- 
bases. The software allows experiments containing hun- 
dreds of gels to be constructed and anahied as a unit, wiih 
up to 100 gels displayed on the screen at one time for com- 
parative purposes and multiple pages to accommodate ex- 
periments of > 1000 gels. For each treatment, proteins 
showing significant quantitative differences vj. appropriate 
controls arc selected using group-wise siatisiical parame- 
ters (t.g., Student's t-tesi, Kepler* procedure STUDENT). 
Proteins satisfying various quantitative criteria (such as P< 
0.001 difference from appropriate controls) are repre- 
sented as highlighted spots onscreen or on computer-plot- 
ted protein maps and stored as spot populations (i.e., logi-. 
cal vectors) in a liver protein database. Quaniitaiive data 
(spot parameters, statistical or other computed values) are 
stored as real-valued vectors in the database. Analysis of co- 
regulation is performed using a Pierson product-moment 
correlation (Kepler procedure CORREL) to determine 
whether groups of proteins are coordinately regulated by 
any of the treatments. Such groups can be presented graphi- 
cally on a protein map, and reported together with the statis- 
tical criteria used to assess the level of coregulation. Multi- 
variate statistical analysis (e.g., principal components' ana- 
lysis) is performed on data exported to SAS (SAS Institute). 

2.6 Graphical data output 

Graphical results are prepared in GKS and translated 
within Kepler* into output for any of a variety of devices. 
Linedrawing output is typically prepared as Postscript and 
printed on an Apple LaserWriter. Detailed maps presented 
here have been generated using an ultra-high-resoluiion 
Postscript-compatible Linotronic output device. GreyscaJe 
graphics arc reproduced from the workstation screen using 
a Seikosha videoprinter. Patterns are shown in the standard 
orientation, with high molecular mass at the top and acidic 
proteins to the left. 

2.7 Experiment LSBC04 

In the study described here 12-week-old Charles River 
male F344 rats were used. Diets were prepared at LSB, 
based on a Purina 5755M Basal Purified Diet. Lovastatin 
and diolestyramine were obtained as prescription pharma- 



ceuticals, ground and mixed wiib the diet at concentrations « 
of O.OTf % and 1 % respectively. The high cholesterol diet 
was Purina f S01M*A(5% cholesterol plus 1% sodium che- 
late in the control diet).Animal work was carried out by Mi* 
crobiological Associates {Betbesda,MD). Animals were ac* 
dimaiized for one week on the control diet, fed test or con- 
trol diets for one week, and sacrificed on day g. Average 
daily doses oflovasuiin and choie5i>Tamine in appropriate*., 
groups were 37 mg/kg/day and 5 g/kg/day, rcspcciiyely,: 
based on the weight of the food consumed. Livcr sainples 
were collected and prepared for 2-D elcclrpphoresis accord- 
ing to the standard Jiver protocol (homogenizaiion in S 
volumes of 9 M'urca,,2% NP-40, p.5%^dithioihreitol, 2^^^ 
~LKB pH9-ll wrrier^ampWlncs; followed' by cei^r^ 
lion for 30 min'^ai 80 000 X g). Kidney, brain and plasma c- 
samples were frozen. Gels were run as/described above,- 
and the data was anaK'zed-csing'^ihe Ke^Jer* sysicm. Gels'-; 
were scaled, to remove the' effect of differences it protein 
loading, by setting the summed^aburidanccs cf a lafge num- 
ber of matched spots equal fpfeach'gei (linear scaling). 



3 Results and discussipD 

3.1 The rat Uver protein 2-D map ^ ' 

:F?*4MST3 is a standard 2-D pattern of rat liver proteins, 
•based on the Fischer 344 strain. This pattern was initiated 
from a single 2-D gel and extensively edited in an experi- 
ment comparing it to a range of protein loads, so as to in- 
clude both small spots and well-resolved representations of 
high-abundance spots. More than 700 rat liver 2-D patterns 
have been matched to F344MST3 in a series of drug effects 
and protein characterization experiments, and numerous 
new spots (induced by specific drugs, for instance) have 
been added as a result. A modified version including addi- 
tional spots present in the Sprague-Dawley outbred rat has 
also been developed (data not shown). Figure 1 shows a 
grcyscale representation and Fig. 2 a schematic plot of the 
master pattern. More than 1200 spots are included, most of 
which are visible on typical gels loaded with 10 uLofsolubi- 
lized liver protein prepared by the standard method and 
stained with colloidal Coomassie Blue. Master spot num- 
bers (MSN*s) have been assigned to all proteins, and ap- 
pear in the following figures, each showing one quadrant of 
the pattern. Figure 3 shows the upper left (acidic, high 
molecular mass) quadrant. Fig. 4 the upper right (basic, 
high molecular mass) quadrant, Fig. 5 the lower left (acidic, 
low molecular mass) quadrant, and Fig. 6 the lower right 
(basic, tow molecular mass) quadrant. The quadrants over- 
lap as an aid to moving between them. The gel position (in 
100 micron units), isoelectric point (relative to the CPK in- 
ternal p/standards) and SDS molecular mass (from the cali- 
bration curve in Fig. 8) are listed for each spot (Table 1). Be- 
cause of the precision of the CPK-p/ values, these parame- 
ters can be used to relate spot locations between gel sys- 
tems more reliably than using p/ measurements expressed 
as pH. A major objective of cuneni studies is the identifica- 
tion of all major spots corresponding to known liver pro- 
teins, as well as rigorous definitions of subcellular orga- 
nelle contents. Of particular interest to us is the parallel de- 
velopment of identifications in the rat and mouse liver 
maps, allowing detailed comparisons of gene expression ef- 
fects in the two systems. The results of these studies will be 
presented systematically in a later edition of this database. 
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but we .Include here a useful series of 22 orienting ideniifi. 
cstjons as an aid to other users of the rai liver psnern (Table 
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3J Csrbamyhied charge standards, computed p/s and 
nolecolar mass standardization 

We have preWousIy shown that the use of a svjien of cJcse 
ly-spaced mienial p/ niarkers (made b^i^^S^^: 

the problem of assigning positions in the p/dinenMor n'l 
The same system, based on 36 protein «Decie n--n-i ». ' ^' 
bamylating rabbit muscle CPk' hafbe^'r S ^io":.'-- 

standards were coelectrophoresed with total Hver rr^.eiJs 
and the standard spots added to a special version ^r ' 
master pattern F344MST3. The geilf/cotdin ^es of all 
l.ver protem spots lying within the CPK charge train were 
then transformed into CPK p/ positions bv intSafon 
between the positions of immediately adjacent " and rds ' 
(Table 1) using a Kepler« vector procedure. 

It has proven possible to compute fairlv accurate D/v£ir« 
fo: many proteins from the amino acid compo iSo„ L,? 

^n?rh'-n'T '° ' f""*'" elabofatioi'of 

approach,m which we computed p/s forthe CPK starSards 
themselves, based on our knowledge of the rabb musSe 
CPK sequence and the fact that adjacent member.: „f , J 
charge train 'JTicallydi/Terby blockage of o?eTddiS,fa^^ 
sine residue (Table 3). We compared these valueVto Sir 
computed pZ-s for an additional set of carbanvlMed .^nH 
ards made from human hemoglobin beta S'^Jd 3 3e' 
ries of rat liver and human plasma proteins of known dos 
tion and sequence (Fig. 7.Table 4).The result demonstrate 
good concordance between these systems. T^rprote „ 

;r^r- • V ^^^^^ P'<«='n disulphide isomerase 

(♦20 m the table). The FABP spot presen? on F344MST3 
may represent a charge-modified version of a more basic 

lKF/'Vn'.°' V"^'/ '° I'^'.^P^^d PA no. reso^ei in the 
lEF/SpS gel. Of particular importance is the fact that bv 
comparing computed p/s of sequenced but unlocated nro 
terns with the CPK p/s, we can assign a probaWe ge, 

leTnH "."S? "^"niptions regarding thf ,u" 
gel pH gradient. This offers a useful shoncut, given the va- 
gar.es of pH measurement on small diameter IEF «ls We 
have used this approach to comptite the CPK p/s of ali ra! 

fn nrnf 'T «^""« databLe as an aTd 
to protein identification (data not shown). 



T(:6ordinate,flis51l g3""Aic_fl 1-:^, " ■ - 

resulting fit appears to be S^g^^i^'^^WH 
molecular mass. gooo over a broad range of 

^r^iSI"^"^" 5*"«^-^"able cholest'e m Se ^ 
I. ird should raise 11. allowing, manipulation of relevS! 
gene expression control systems in both directions SuW^^ 
2n experiment offers an interestine test ofthl V n •* 

bv ; • P^"'^'"? ^'cre found to be affected 

3.3.1 MSN 413.(putaI|ve.cMosolic HMG-GoA smthise) 

.nd sets of-spots regvl..ed coordina.elv o^„ve "Jy . : ' 



In orderto standardize SDS molecular weight (SDS-MWi 
we have used a standard curve fitted to a series of SenXd 
proteins (Fig. 8). Rather than using molecClar m s p J « 
we have elected to use the number of amino acids K 

S^Tk "Vf^ 'cJilc- " » indication 0? the 

length of the SDS-coated rod that is sieved by the second 
dimension slab. The resulting values were multiplied Sv 
112 (the weighted average mass of amino acids in se- 
quenced proteins) to give predicted molecular masses Be- 
cause we use gradient slabs, we have no, constrained the h!- 
led cuive to conform to any predetermined model- rather 
we tried many equations and selected the best us nT.hl 
program "Tablecurve- on a PC. Tht equation SoseTwi , 

=c+Ax+c/x\where,isthenumberofresidueT.°?s"hegel 



mmmm 

.ein in'the P-em llcp 

si^nt^w Si" ifextct^if • ? ^""^ ^» 
ah..^^- ^I'lccisei) ine expectation foran enzyme who«» 

abundance is controlled by the cholesterol level ^ 7s 
gressively increased from the control \ 
mine, lovastatin and lovastatinXcholes vrl 

Quence of f h . ^'f'^'-^ computed from the known se- 
quence 01 the hamster enzyme |43), 

Using a classical product-moment correlation test fKenl,., 
procedure CORREL). a series of five addk ioni? sDo« wL 
found to be coregulated with 413.TT,e level of Lfrt LTo^ 
was exceedingly high O 95%). Two of hes 125o7nd 9S 
are at similar molecular weights and approximate?y one 
charge more acidic than 413 (Fig. 9). inSicatiiT tSt tSS 
may be covalently modified forms of the 413 polvpep.rde 
This suspicion is strengthened by the observation ihai hn.h 

i-OA synthase.Tle temainini three corteleled spots appear 
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to comprise an additional rcUicd pair (1253 and 1001) of 
around 40 kDa and a single spot (1119) of around 21 kDa. 
Because these two prcsurricd proteins are present ai sub- 
sianiiallv lower abundances than 4 13, and because the cyio- 
solic HMG-CoA svnihase is reponed to consist of only one 
iv-pe of pobTeptide, ihcy arc likely to represent other, very 
lightly corcgulated cnzyn^es. A second group of six spots 
was selected based on a regulaiory.paiiern close i?) the in- 
verse of that for spov-413 (MSN's 54;79;i7€,ig2,204.347: 
data not sho^^-n). For these proteins, the lowcsijeyel pfcx- 
pre<:sion occurs with exposure to lbvasiaiin plus choiesiyra- 
mine anc3 the highest level upon exposure to the high-cho- 
lestcrol diet -Spots 1E2 and 19 arc highly correlated and lie 
about one charge* apart at the same molecular weight; they 
may thus be isoforms of a single protein. The other four 
-spots probably represent additional enzymes or s'ubuniis. 

,3J.2 MSN.235 andcoregulaied;spols 

A third group of five spots, mainly comprised of mitochon-, 
drial proteins including putative mitochondrial HMG- 
"CoA synthase spots, showed a modest induction by4ovasia- 
^lin alone, but little or no effect with any of the other treat-, 
/ments (including the combination of loyastaiin and choies- 
tvramine; Fig. 12).This result is intriguing because lovasia- 
lin was expected to' effect only the regulation of enryme? of 
cholesterol svnthesis, which is entirely extra'-miiochon- 
drial. Three of the spots -(235, 134, 144,)- form a closely- 
packed triad at approximately 30 kDa,.a'nd are likely to re- 
present isoforms of one protein. All three spots arc stained 
by an antibody to the mitochondrial form of HMG-CoA 
svnthase obtained from Dr. Grcenspan.-Subcellular fractio- 
nation indicates a mitochondrial location. The other two 
spots (633 at about 38 kDa and 724 at about 69 kDa) are 
each present at lower abundance than* the menibers of the 
triad. - - . 



proteins of the putative mitochondrial pathway arc so 
much mere variable in their expression in all groups. An cx- -y 
aminaiion of all the coregulaicd groups suggests that quan» 
litativc statistical techniques can extract "fe wealth of inter- 
esting information from large sets of reproducible gels.The 
abundance of spots in the 4 13 coregulaiion group, for exam- 
pie, shows an amazing level of concordance in their relative 
expression among the five individuals of the lovasiatin and 
cholestyramine treatment group. This effect is not due to 
differences in total protein loading, since they have already 
been removed by scaling, and since proteins with quite dif- 
ferent regulation patterns can be demonstrated (rg.. Fig. 
15)iSuch eflects raise'the possibility that many gene coregu- 
laiion sets 'may be revealed through the study of a suffi- 
cienily large population of control animals (i.e., without 
any experimental manipulation)^Jhis approach, exploiting 
natural biological variation in protein expression instead of 
drug effecis, offers an imponamjncentive for the construc- 
tion of a large librar>* of control animal patterns. 



4 Conclusions ^ I : ; - , 

- Because of the widesjpread use of rat liver in both basic bio- 
chemistry and in toxicology, there is a long-term need for a 
. comprehensive database of liver proteins. The rat liver mas- 
te'r pattern presented here has proven to be' an acciiratc^e- 
presentation of this s>'stem, having been matched to more 

. than ^700 gels to date. As the number of proteins identified 
and the number of compounds testcd' for gene expression 
effects grows, we expect this database to contribute valu- 
able insights into gene regulation. Its practical utility in sev- 
eral areas of mechanistic toxicology is already being de- 
monstrated. ; . 

Received September U, 1991 



3J3 An example of an aoti-synergistic effect 

A sixth spot (367) shows strong induction by lovastatin 
(two- to threefold), and about half as much induction with 
lovastatin plus cholestyramine, but without sharing the ani- 
mal-animal heterogeneity pattern of the 235-set (Fig. 13). 
This protein is also mitochondrial, and represents the clear- 
est example of an anti-synergistic effect of lovastatin and 
cholestyramine. The existence of such an effect demon- 
strates that lovastatin and cholestyramine do not act exclu- 
sively through the same regulatory pathway. 

33.4 Complexity of the cholesierol syuthesis pathway 

Taken together, these results suggest that treatment with lo- 
vastatin alone can affect both cytosolic and mitochondrial 
pathways using HMG-CoA, while cholestyramine, on the 
other hand, either alone or in combination with lovastatin, 
produces a strong effect on the putative cytosolic pathway, 
but little or no effect on the puutive mitochondrial path- 
way. An explanation for this difference may lie in lovasta- 
tin's effect on levels of HMG-CoA and related precursor 
compounds that arc exchanged between the cytosol and 
the mitochondrion, whereas cholestyramine should affect 
only the cytosolic pathways directly controlled by cholester- 
ol and bile acid levels. It remains to be explained why some 
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figure J. Syniheiic reprtsentaiion of the sundard rai liver 2-D master pattern, rendered as a greyscalc image using a videoprimer. 
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figured. Schenuiic reprejenisiion of the muier paitern (the same a Fig. 1). useful 
quadrants. 



as an aid in reiaiing specific areas of Fig. 1 and ihe following detailed 
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FiMun J. Lower left (low moleculv weight, acidic) quadrant (#3) of the rat liver map, showing spot numbers. 
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; 0 y, Gel Y Coordinate . 

/i^L/f * Plot of n umber tiTamihb icids veHus gel >f position'; wrihTmcd 
curve used- 10 predict molecular mass oruhideniified proiemj.-x^: 
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^ /^f^uff 7. (a) Plot of compuied isoelectric point versus gel Jr-posiUon for 
two sets of carbamylaied standard proteins (rabbit muscle CPK (+1 and 
human hemoglobin ^ chain, niled diamonds) and several othcr|>roteins 
(shaded squares), (b) The identities of the various proteins reprcaented 
'by the squares arc indicated by the numbers in corresponding positions 
on (a); these refer to Tabic 4. : „ - • » 
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frfvrr 9. Montage showing efTects in the 
region of MSN :4 1 3. The montage shows t 
small window into one portion of the 3-D 
pattern, one row of windows for each expe- 
rimental group, and one panel for each gel 
in the experiment. The left-most pattern 
in each row is a group-specific copy of the 
master pattern followed by the patterns 
for the five individual rau in the group. 
The highlighted protein spots (Hlled circ- 
les) are spot 413 (on the rignt of ciach pan- 
el; identified as cytosolic HMC-CoA syn- 
thase) and two modified forms of it (12S0 
and 933). From the top, the rows (expcri- 
menul groups) arc: high cholesterol, con- 
trols, cholestyramine, lovastatin,and leva- 
statin plus cholestyramine. 



atmphcma 1991. 12, 90-930 



Regu]allpn..of Rat Liver 413 



Daubuc of nt liver pioicias 



921 



■ ». 



(PuUtivt CyioMlie HMG«Co A Synttuie, 53kd} 
Tmi Compounds IrvOItt , 1 



Choiestmr'(5%) 



ContictDitft 
ChdemyramirMi (1%) 
Lovastatin (0:075%) 
Lov£statiiv«^ho)e5tyr 




5^000 



•itp.OOO U.OOG;.:/ 2c^o 

• Froleih^Abundance 



^0.000 



/I- 



1 1 



t c 



•V, 



^^lyi/fr /jp. -Bargraph shoe ing the qujintiu- 
i^'Y* efTecis of various treaimenis on the 
^abundafice orMSN:4I3.(cyioso!ic HMO- 
XoA synthase) in ihc gets of Fig. 9. . , 
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FiZurt 1 1 . Bargraphs of a series of six core- 
gulaicd spois including MSN:413. In.the 
bargraphs, the abundances of the appro- 
priate spot (master spot number shown at 
the top of the panel) in each animal are 
shown. The five five-anima) groups are in 
the order (left to right): high cholesterol, 
controls, cholestyramine, lovasiaiin. tnd* 
lovasiaiin plus cholestyramine. Each bar 
wiihin a group represents one expertmcn- 
ul animal liver (one 2-D gel). Note the cor- 
related expression of the 6 spots, espe- 
cially in the two far right (most strongly ii>. 
duced) groups. 
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Figure J2, Data on a second coregulated 
group of spou. presenied aa in Fig. I V.lht 
fourth experimenul , group (Ipvuiatin) 
shows a modest induction, while the fifth 
group (lova$tatin plus cholestyr«rotne) 
docs. not. ;i"> ■ • • 




figure IS, Data on spot MSN:367, presented as in Fig. 11. This protein 
shows unambiguously the anti-synergistic efTect of lovasiatinand choles- 
tyramine (fifth group) as compared to lovastatin (fourth group). This res- 
ponse contrasts strongly with the regulation pattern seen in Fig. M. 
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7 AddebdDm 2: Tables 1^ 



Table 1. Master uble of proteins in the rat liver daubase" 

lY CPKDl SOSMW 



Diubasc of ni Inrcr proictm 



923 



MSN 




3 


311 


c 




m 

w 


CIS 


1 1 


; 


lit 




1 / 




« fi 

le 


906 


19 


755 


20 


649 


21 


1204 


22 


332 


23 


767 


24 


313 


25 


807 


27 


1164 


28 


1263 


29 


743 


30 


766 


32 


1216 




1145 


34 


1037 


35 


6G3 


36 


712 


3e 


763 


39 


304 


41 


1165 


42 


664 


43 


1316 


44 


1S24 


46 


1203 


47 


1391 


46 


309 


49 


605 


50 


621 


51 


1113 


52 


1620 


53 


725 


54 


2001 


55 


722 


56 


676 


57 


1662 


56 


1091 


59 


1171 


60 


1400 


61 


1653 


62 


1668 



434 



65 

66 

67 

66 

69 

71 

72 

73 

74 

75 

76 

77 

76 

79 

60 

81 

62 

63 

64 

65 

86 

67 

66 

89 

90 

91 

92 

93 

94 



735 
1263 
1252 
779 
1064 
656 
636 
1562 
1570 
1264 
1336 
1633 
1767 
925 
534 
1811 
1412 
1471 
II 
1 

1817 
516 

1569 

1706 
651 

1415 

1773 

1338 

1706 



266 



414 



403 
-446 
t434 
i424 
417 
516 
524 
446 



112 
417 
445 
555 
412 



694 
470 



607 



362 



447 
454 

587 
535 



499 

177 
500 
830 
.533 
302 



565 
624 
506 
567 
297 
312 
407 
602 



589 
545 



556 
621 



363 



736 
696 
363 
681 
347 



479 

301 
1371 
698 
719 
329 
710 
545 
446 



c-35:o 

•24:3 
-1^.0 
-25.2 
-1S.3 
-21.6 
■ -14.0 
-17.5 
: -20.9 
^.7 
<^5.0 
^ -16:6 

;<.35.0 

-16.1 
' -9.0 

: -17.8 

-17.2 
-6.6 
•9.5 
; -11.3 
-14.9 
-18.7 
-17.3 
«-35.0 
-9.2 
•19.6 
-7.3 
-0.1 
-8,7 
-6.3 
<-35.0 
-22.5 
-21.8 
•10.C 
•0.9 
-18.3 
>0.0 
-16.4 
-19.8 
-2.5 
-10.3 
-9.2 
-6.2 
-0.6 
-0.4 
-18.1 
-6.0 
-8.1 
-16.6 
-10.8 
•20.6 
-21.2 
•3.6 
-3.6 
-6.0 
-7,0 
-0.6 
-1.5 
-13.6 
-26.1 
-1.0 
-6.0 
•5.0 
-2.7 
-3.4 
-0.9 
•27.0 
-3.5 
-2.2 
•20.6 
-6.0 
-1.4 
-7.0 
-2.2 



63.800 
:1 02.900 

UJBOO 
•101,000 



SOJOOO 

66.300 
' 90^ 

67.900 

62,100 
" 63.800 

65.000 
: 66.000 
: 55.500 . 

54.900 
'62,400 

45.000 
^,600 
r 66.000 
62.500 
' 52,400 
66,600 
46.900 
43,600 
59,600 
51.400 
46.800 
50,000 
74.600 
50.200 
€2.300 

ei.5oo 

50,100 
53.900 

55.000 

57,000 
170,600 
, 56.900 

37.300 . 

54,100 

69.000 

50.600 

50.3W 

47.800 

56.200 

51.500 
-90.500 

85.900 

67,300 

43.900 

90,6X 

50.000 

53,100 

50,400 

52.300 

46.000 

51.800 

74.400 

51.700 

41,600 

43,600 

74,500 



77.500 

51.800 

56.900 

89,100 

17.400 

43.600 

42.500 

61.700 

43.000 

53.200 

62.300 

43.700 




Master lablc of proteins in the rat liver database, fhowinfisDoi mailer numK*, «•! / ^ 

predicted molecular mass (from ihc suridard cur^e 7rfg\l^^ '^^^ 
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MSN 


' ■ x' 


Y 


CPKDl 


SOSMW . 


. , MSN 


X 


Y 


CPKOI 


SDSMW 


MSN 


X 


Y 


CPKol 


SDSUW 


258 


1 7wb 


*■ mi' 


• I.I 


131^900 


'■f <345 


1006 ' 


£78 


-11-9* 


..'50,800* 




19M 




.7 M 


A^ M% 

^•300 
•6,B00 


,260 






'■iSQ 'A ■ 


' 17 700 

fry * 


V 346 


1095'' 


640 


" -10*J 


' 46 800 


-427 


810 


A4S 


•Ifi O 
* 1 w.V 


261 


1725 


679 


- 


44 '600 


'>-347 


•—625 J 

A 4**W 


' 72B" 


'".91 7" 
-* 1 ■ r 




* 428 








*c,700 


262 


486 


1127 




2£ BOO 


*i.%4a 

-1.. 


- 361 


963"" 




31 100 *■* ' 

W I , I 4A^ 


420 




&47 


Jk A 


36,800 


• 263 


1063 


i7Z 




177 400 


. 349 


' 110 


1343' ' 

• *^^A* 




1£ 300 ' ' ' 


^9A 


19<9 




ji 1 


C4 AAA 

51.900 




1390 


679 




45 000 


"'*350 

W*Ar 


521 ■ 


'1130 ' 


-96 7 


9* 700 '\ . 


431 


734 


1^9fC 
144re 


-10. 1 


15,500 


.'266 


510 






63 400 




' ' B12 ' 


£19' 


.19 A 


4P 100 


499 


4A9 


^99 
4^3 


9A C 


63.900 


267 


660 


1090 


4 


96 000 


?j a£9 


2 *1 £74 '• 




-9 7- 


900 


•<>4 




4 AJ 4 

1D41 


«^ A 

-26.9 


4^A 4M^M 

28.900 


430 


961 


> J 1 .V 


31 900 

•* 1 »**A* 








•1«*V 


99 AAA 


49 C 


4 A4A 

1020 


4 4 ^A 

1170 


4 4 C 

-11 .6 


24,300 


V.260 


1044 


606 




4£ 900 






■ 7P9 


4B fi 


An AAA ~" 


4J6 


4 4 AA 

1 1Z2 


• Af 

196 


A A 

•9.8 


1 47.600 


.270 


2010 


853 


>u.v 




[■ «aci; 




C9A 


•5.3 


47 4/V^* 

37,300 . . 


J77 

437 


1670 


A^A 

673 


A 9 

-0.5 


45.000 


271 


857 


422 


ICO 


1^^ 900 


c; ■ 2* 


1 J/* 


4 4 ' 


<.5 


24,900 

4A gAA ^ . 

30.600 


^4B 

436 


^ A S 

435 


1102 


-31.0 


26.700 


272 


895 


968 




91 TOO 




. . •/4 . 


wb7. 


AC *^ 

•26.7 


439 


A^ 

86 


A J A 

847 


<^35.0 


36.600 




1292 


712 


? ft 


4^WU 


358 


Tnfl ' 


*iAS'' 

346 


-16j 


77,800 


A ^A 

440 


4 A J A 

1740 


544 


•1.8 


53.200 


275 


1350 


500 




>4C BAA 


' ' 35v , 


7o4 


44B' ' 

338 


-17'.3 


AA 4 A4k / 1. 

79.400 


441 


599 


1571 


•22.8 


10.800 


1 276 


1670 


1089 




4? 4fV^ 


' <a£A - 

^ 360 . 




« Af A' ^ 

1068 


-6.4 


AA AJ^h 

27,900 


443 


743 


335 


-17.8 


80.100 


"i 277 


688 


538 


-19.4 


53.700 


*' ^ A ^ 4 ^ 

361 


' 4 Aa a 

• 1713 


769 ^ 


-2.1 


40.1 00 :< 


446 


801 


668 


-16.2 


45.2W 


. 278 


961 


718 


*13.0 


42.500 


A^ A » 

- 362 ** 


■ 1161 ' 


n A 

859 


•9.3 


36.100*-': 


447 


1050 


026 


-11.1 


33.300 


,'27© 


679 


570 


-14.5 


C4 4fV\ 

51 ,300 


363 - 


A 4 4 * * 

914 


1156 


-13J 


24.800 , ; 


448 


1245 


1298 


-6.2 


19.800 


261 


1848 


1084 




27.300 


<v 364 / 


J m A' 

412 , 


A A ^ 

435;. 


•32.0 


63.700' 


449 


1576 


1516 


-3.7 


12.600 


; " 282 


1505 


525 




54 .500 


- 365 


^ J 4 

' 7^1 


486, 


•17.9 


56.200, 


450 


1818 


1021 


-0.9 


29.600 


283 


1313 


a ■ A^ 

1147 


-7.3 


25.100 


>;^-. 366 V 


■ 678 ■ 


1503 . 


-14.6 


13.000*^' 


451 


1094 


440 


-10.3 


63.100 


284 


1314 


829 


•7.3 


37.400 


367; 


1560 


AA^ 

935 


-3.9 


33.000 


452 


1945 


802 


>0.0 


38,600 


: 285 


1332 


406 


•7.1 


67.200 


'^4' i9O0 > 


AAA ^ 

963 • 


520. 


-12,4 


55.200 ' 


453 


1652 


894 


•2.8 


34.600 


:r' 286 


1277 


652 


•7.8 


46,100 


AAA ' 


434 


441 


-31 :o 


63.000'v'' 


454 


1403 


500 


-6.1 


56.000 


288 


1391 


824 




37,DU0 


4^A 

370 


f 4 A 

639 


A ■ A 

610 


-21 i2 


48.700 


456 


1394 


718 


-6.3 


42.600 




1147 


579 


A C 


5U,7D0 


j; 4^4 

t 371 


1567 


A ^ A 

860 


-3;6 


36,100 


457 


905 


436 


-14.0 


63.500 


290 


925 


511 


-13.6 


55,900 


* A ^ A ^ 

- 372 ' 


1875 


4 A A 

762. 


-0.5 


40.400 


450 


1038 


581 


•11.3 


50.500 


r 281 


787 


1476 


-16.6 


« A #^^A 

13.900 


'"j n aa 

373. 


1351* 


1059 


■6.8 


28,300 


460 


1598 


294 


-3.4 


91.400 


: 2S2 


1462 


818 


•5,1 


^ ^ AAA 

o7,800 


A A J 

374 


1506 ' 


715 


-4.6 


42.700 


461 


1528 


863 


-4.3 


35.900 


293 


531 


449 


Ae 4 

-26.3 


^ * AAA 

6^.000 


A Ar 

- 375 


1623 


532 


-0.9 


54.200 


462 


1098 


1137 


-10.2 


25.400 


294 


860 


698 


« ^ A 

-14.9 


43.600 


WA A 

376- 


254- 


417. 


<-35.0 


65.900 . 


4iS3 


849 


1125 


-15.2 


25.800 


295 


1162 


609 


A 4 

-9.3 


48.700 


377- 


1409 


583 


-6.1 


50.400 


464 


1814 


1072 


•0.9 


27.800 


' 296 


218 


814 


Mr A 

<c-35.0 


36,000 


v; 378. 


621 


494 


■21.8 


57.500 


465 


1388 


481 


-6.3 


58.700 


2S7 


1377 


979 


-6.5 


31,300 


379 


1017 


595 


•11.7 


49.600' 


466 


1194 


1084 


-8.9 


27.300 


290 


913 


1523 


-13.9 


12,400 


381 


953 


596 


-13.1 


49.400 


468 


577 


467 


•23.9 


60.100 


300 


2012 


667 


>0.0 


45.300 


-'- 3£2 


856 


674 


-16.0 


'44.900; 


469 


1140 


888 


-9.6 


34.900 


301 


702 


178 


AAA 

-19.0 


169.200 


383 


1252 


258 


-8.1 


105.300 


470 


1797 


524 


•1.1 


54.800 


302 


494 


1260 


AB 4 

•28.1 


AA ^ AA 

20.400 


384- 


1699- 


1518 


•2.3 


12.500 


471 


1293 


1133 


-7.6 


25.500 


303 


403 


1008 


4A £ 

•32.6 


A A A 

30.100 


A A ^ * 

385 , 


1042 


493 


•11.2 


57.500.* 


472 


618 


655 


-21.9 


46.000 


304 


1843 


1585 


•0.7 


• A AJM% 

10.300 


A A^ 

386 , 


1400. 


563 


-4.7 


50.400;, 


473 


2009 


299 


>0.0 


89.900 


305 


1049 


583 


-11.1 


49,800 


A A A 

387 


1554 


603 


-4.0 


49.100' 


474 


1205 


215 


-6.7 


131,300 


306 


1608 


989 


A A 

-3.3 


30.900 


388 


1193 


404 


-8.9 


67.700 


475 


1035 


788 


-11.4 


39,200 


307 


1219 


916 


4.5 - 


A A ^^Mh 

33,700 


369 


1374 


902 


•6.5 


34.300,' 


476 


160 


155 


<-35.0 


207.600 


^ 306 


1627 


755 


<k A 

^.0 


40,700 


A#^A 

390 


1456 


969 


•5.2 


31.700 


477 


469 


1370 


•28.9 


17.400 


309 


1524 


892 


^.4 


34.700 


A A« 

391 


718 


690 


-18.5 


44.000' 


476 


599 


662 


•22.8 


45,600 


310 


1769 


1028 


-1.5 


A^ At^\. 

29.400 


AA 

392 


« AJ^\ 

1799 


732 


■1.1 


41.900 


479 


1009 


540 


■11.8 


53.500 


311 


1609 


1451 


•3 J 


14,A)0 


AA4 

393 


« A A A 

1462 


Ar A 

758 


-4.8 


40.600' 


: 480 


1216 


235 


-8.6 


117.400 


312 


266 


1408 


^ 1C A 

<'35.0 


16.100 


3M 


« AAA 

1227 


1461 


-8.4 


14.400 


482 


816 


346 


•15.9 


77.800 


313 


1902 


1365 




4 ? *AA 

1 7.QOO 


AAC 


4 CAA 

1530 


f A^ 

677 


-4.3 


50.600 


483 


693 


673 


-19.3 


44,900 


214 


i31o 




-/.J 


i ft AAA 




4 ^ 4 A 


755 


^ A 

^.0 


A A #%4^4h 

40,800 


485 


1608 


1013 


-3.3 


30.000 


^« c 


1341 




•f .w 






Ci 9 

9 iZ 


256 


4 A A 


106,400 


' J A^ 

486 


478 


599 


•28.6 


49,300 




1 III* 




.10 1 


AC CAA 




1 ACC 




C A 

•5.0 


AA 4 fVS 

26.100 


467 


1025 


607 


•11.5 


48,000 


32U 




149v 


^ D 


1^ AAA 


AAA 


< A^^ 

»«7J 


^CA 

450 


J A 

-4.9 


61.900 


d A A 

486 


1045 


1186 


-11.2 


23,700 


321 






- lO.l 


4AA 


4u1 


4 AAB 
1D2« 


• V 4 A 

1 140 


■11.5 


A^ a#^A 

25,300 


489 


1609 


301 


•3.3 


89.200 


322 


1454 


« AAA 

14P4 


•d.O 


4 4 

1 J,30D 


^A4 

409 


4 C 4 C 

1516 


754 


-4.4 


40,800 


490 


775 


1289 


-17.0 


20.100 


323 


670 


626 


•2W.W 


47,700 


404 


4 ^AC 

1485 


554 


-4.7 


52.500 


491 


692 


178 


•19.3 


169.300 


324 


655 


101 




420,500 


405 


4 EAC 

1525 


1092 


•4.3 


27.100 


492 


1100 


964 


•10.2 


31.800 


325 


1521 


675 


^ A 

"4.4 


44,800 


406 


^AA 

723 


252 


•16.4 


106,000 


493 


1760 


776 


•1.6 


39.700 


326 


1587 


677 


-3.D 


44,700 


. ^09 


A 

650 


663 


-20.B 


45,500 


494 


882 


247 


-14,5 


110,700 


327 


1388 


409 




67,000 


^ 4 A 

410 


1501 


4 A A 

478 


-4.6 


59,000 


495 


470 


1258 


•28.9 


21,200 


328 


AAA 

448 


1291 


4A A 


20,100 


41 1 


936 


* A^A 

1057 


•13.4 


28.300 


496 


494 


1436 


•28.1 


15.200 


330 


1608 


751 


-J .a 


^A W\ 


^ 4 A 

412 


350 


1120 


•35.9 


26.000 


497 


980 


852 


•12.5 


36.400 


331 


1566 


697 


•J.0 


7^A 


A4 4 

413 




CIA 

538 


-11.4 


53.700 


499 


1414 


546 


-6.0 


53.100 


332 


531 


471 


-9*; 9 

•CV.«J 




• ID 


7j7 


^ AC 

425 


-1B.0 


64.900 


500 


1234 


1072 


-8.3 


27,800 






1 190 




94 700 


41fi 


1 ^7R 




1 7 

•3.7 


46.900 


501 


1246 


^ V A 

659 


-6.2 


45.700 


334 


1059 


407 


-10.9 


67,300 


417 


646 


496 


•21 .0 


57.300 


502 


824 


792 


-15.7 


39.000 


335 


1593 


303 


-3.5 


86.500 


418 


1695 


482 


•2.3 


58.600 


503 


1246 


1134 


•8.2 


25,500 


336 


1616 


598 


-3.2 


46.400 


419 


725 


770 


-16.3 


40.000 


504 


1115 


1407 


-9.9 


16.200 


338 


1854 


1004 


-0.6 


30.300 


420 


12B9 


1041 


-7.7 


26.900 


505 


1189 


391 


-6.9 


69.700 


339 


1265 


888 


4.0 


34.900 


421 


1171 


912 


-9.1 


33.900 


506 


1578 


402 


-3.7 


66.000 


340 


581 


585 


-23.6 


50.300 


422 


599 


162 


•22.6 


193.7W 


507 


787 


250 


•16.6 


109.000 


341 


1497 


1047 


-4.7 


26.700 


423 


929 


856 


•13.6 


36.200 


508 


979 


552 


-12.5 


52.600 


343 


1351 


265 


-6.8 


102.200 


424 


739 


625 


-17.9 


47.700 


509 


1153 


619 


^,4 


48.100 


344 


1813 


549 


-0.9 


52.600 


425 


1490 


965 


•4.7 


31.800 


510 


1730 


1006 


-2.0 


30.200 
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925 



MSN. 



Y .CPKdI >: SOSMW 



MSN 



Y CPKoI SDSMW 



MSN 



Y CPKol SDSMW 



511 
512 
513 
5U 
515 
516 
517 
516 
519 
520 
521 
522 
523 
524 
525 
526 
527 
528 
530 
532 
533 
534 
S35 
536 
538 
539 . 
540' 
541 

542 

543' 

544 

545 

546 

547 

548 

549 

550 

552 

553 

555 

556 

557 

556 

559 

560 

562 



606 1034 



600 
1099 

1 

948 
461 

1334 



484 



706 



565 



567 

560 

570 

571 

573 

574 

575 
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37.600 
19.700 
11.700 
89.100 
70.400 

.44.100 

-41.100 
73.700 
11.700 
25,900 
71.500 

113.200 
84.300 
35.400 

128.200 
23.500 
39.800 
38.000 
45.100 
34.400 
55.100 
60.600 
36.800 
28.400 
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1001 

1002 

1003 

1006 
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1014 

1015 
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1017 

1016 

1020 

1021 

1022 

1023 
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167 

1380 

'1^66 
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860 

.657 
603 

1638. 

1010 
768 

557 
867 
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1204 
910 
609 
1265 
822 
876 
403 
276 
844 
1124 
994 
1612 
749 
1064 
1187 
1762 
1344 
1024 
736 
816 
765 
1156 
1090 
1030 
647 
902 
868; 
1815 
1205 
617 
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643 
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1386 
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785 
1290 
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'48eJ 
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647 
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616 
174 

419 

409 

320 
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1155 
255 
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1048 
206 
232 
437 
567 
495 
981 

664 
642 

1141 
642 
911 

1508 
317 

1105 

1159 
555 
361 
317 
928 
701 
811 
461 
'V847 
579 
504 

269 
290 
771 
478 

1164 
487 
279' 
644 
745 
541 
661 

1126 
634 
994 

1134 
424 
743 

1219 
484 
63 
317 
446 
739 
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.-21.6 
<-35.0 
^ -6.5 
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-27.6 - 
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•11;« 

-17.2~ 
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..-24.6 
•14.4 
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•12.8 
•20.0 

.6.7 
-13.9 
•22.3 

-7.7 
-15.8 
•12.6 
•32.6 
<-35.0 

;15.3 

>'i9.8 
'-••12.1 

* -3.2 
•17.7 
•10.8 

•6.8 
. -16 
. -6.9 
-11.5 
•17.9 
-15.9 
•16.7 

•9.3 
•10.4 
•11.5 
. -15.2: 
•-14.1 
•14 4 

-0.9 

-8.7 
•22.0 
•12.8 
-12.7 

•1.9 
-21.1 
•15.8 
•14.6 
<-35.0 

•6.4 
-29.4 
-19.7 

-0.9 
-11.4 

■3.0 

•7.4 

•2.0 
■11 

•3. 
•16.8 

-6.7 
•15.9 
•16.7 

•7.7 
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4- 



.7 
.7 



37«r. 

56.600 
57.100 
57.700 
100.^ 

55.100 
4i:6d0 
76^ 

45:400.-' 

151.000 - 

213.000:.; 

^431400*- 
53.000 
42.900 
37.600 

174.900 V 
65.700 V 
67.100' 
63.900 
80.500 \ 
24,600 : 

106.600 0 
36.700 ^ 

210.300' 
26.700' 

136.900:.. 

116.300 I 
63.400' ; 
51.600 ' 
57.4b0> 
31.200 
91.100 
45.400 ^ 

46.700 .; 

25.300 
46.700 ^ 
33.900 • 
I2.8ib0 
84.700 < 
26.600 
24.600 X 
52,400 ^ 
74.900 
84,500 
33.300 
43.400 
38.200 
60,700 
36,600 
50.700 
56.500 
93,100 
92.700 
40.000 
58.900 
23.700 
58.100 
96.400 
46.600 
41.200 
53.500 
45.600 
25.600 
47.200 
30.700 
25.500 
65.000 
41.300 
22.500 
56.400 
591.300 
84.600 
62.400 
41.! 
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1067 . 

1066 
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10S2 

10&3 
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1547 
1361 
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3B3 
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411- 
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746 
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645 
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1863 
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571 
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61 
1954 
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1464 
1046 
1122 
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1630 
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532 
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621 
762 
616 
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-6.5 
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; -.'-13:2: 
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' -0.5 
>0.0 

-4.1 

-4.1 
<-35.0 
>0.0 
•23.3 

•li.i 

•29.5 
•0.4 

-2.1 

-2.1 

>0.0 
-25J 

-6.9 

-6.4 
•10.6 
-12.6 

-6.7 
-11.6 

-OJ 

.4.5 

-9.9 

•5.1 
-11.1 

•9.6 

-2.1 
•10.2 
-0.6 
17J 
>0.0 



£3,000 



37,700 
67.900 
£2,700 
£7,200 
4C.500 
&E.300 
1C3.600 
3e,9Q0 

34,000 

56.300 
67.300 
10£.200 
47,100 
66.700. 

37.800 
16.900 
' 27.000 
-Af.OOO 
72.000 
45.500 
41.200 
49.000 
46,600 
■ 41,200 
39.000 
33.000 
41.6X 
4£,B00 
-43,700 
49.100 
46.700 

2£.eoo 

35.900 
36.000 
51.600 
. 56.500 
142,300 
36,900 
34.000 
46.500 
34.600 
53,700 
59,100 
33.000 
116.000 
26.600 
45.200 
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, The sensitivrties of .mmunoassays relying on conventional radioisotopic labels (ie 
rad.o.mmunoassay (RIA) and immunoradiometric assay (IRMA)) permit the rneasurement S 
analyte concentrations above ca lO' molecules/ml. This limitation primaril^de ives in thJ 
case of compet.t.ve or 'Mmited reagent' assays, from the 'manipulation errors arising In ^e 
system comb.ned wrth the physicochemical characteristics of the particular antibod? used 
however, m the case of 'non-competitive' systems, the specific activHy of the label may play a 
more important constrammg role, h is theoretically demonstrable that the developrrient of 
assay techniques yeldmg detection limits significantly lower than 10' rnolecules/ml depends 

(1) the adoption of 'non-competitive' assays designs- 

(2) the use of labels of higher specific activity than radioisotopes; 

h'9hly^««'C'ent discrimination between the products of the immunological reactions 

Chemiluminescent and fluorescent substances are capable of yielding higher specific activHIes 
han comrnonly used radioisotopes when used as direct reagent labels in this context. and^S 
l^hodolln1« development of ultra-sensitive'. non-competitive. immunoas^Iy 

methodologies. Enryines catalysing chemiluminescent reactions or yielding fluorescent 
reaction produrts can likewise be used as labels yielding high effective specific atti^K es a n^ 
hence enhanced assay sensitivities. "t wivmes ana 

A particular advantage of fluorescent labels (albeit one not necessarily confined to them) lies 
m the possibility they offer of revealing immunological reactions localized in 'mlcroTpo^^ 
distributed on an inert solid support. This opens the way to the development of an entirely new 
generation of ambient analyte' microspot immunoassays permitting the simultaneous 
rneasurement of tens or even hundreds of different analytes in the same small sample usino 
(for example) laser scanning techniques. Early experience suggests that microspot assays with 
sensitivities surpassing that of isotopically based methodologies can readily be developed. 

immunoassay; fluorescent microspot immunoassay; confocal 

'Author for correspondence. 

0884-3996/89/030059-20$10.00 

© 1989 by John Wiley & Sons. Ltd. 



60 



INTRODUCTION 



Immunoassay methods relying on radioisotopic 
Icbe Is have p layed a, major role in^medidne and 
other biologically related fields > (agricuhure 
vetennary science, the food and pharmaceutical 
mdustnes. etc.) during the past\wo decades 
Their importance has derived from the exploita- 
tion both of the 'structural specificity' characteriz- 
ing antibody-antigen reactions and the 'deiecta- 
bihry of isotopically-labeiled reagents.^the laner 
permitting obser^'ation lof the binding reactions 
between exceedingly small concentrations of S 

^e'aiu'rT'? " '^I ^°'"bination of these - 

ZZ^ u .""'^^^^d ■ ^^dioimmunoassay. 
methods with unique specificity and sensiiivitv- 
characteristics, and accounts for their ubiquitous 
use throughout modern medicine and bioloev 
However in the past few years, interest has 
increasingly focused on so-called 'alternative' 
non-radioisotopic, immunoassay methods- «uch 
techniques are based on essentially identical 

to Sr,h^""">''^ "barkers used 

to iabe the particular immunoreactant (aniibodv 
or analyte) whose distribution between bound 
and free moieties (following the basic analytical 
reaction) constitutes the assay 'response' S 

^r^a^^gf '"^^^^ ^ "^^^^ 
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fundamental reason for their replacement st^-wnc 
paradoxically, front the - current^^uTeme^^^^^^^ 
develop m.croanaI>ii«l techni^uS wS^^^ 
supenor to ..them,i„.,tl,fe,partcular.^ 
/ RadK„sotopic;nethods arc.n practice. limitSto 

lhn,7,n«"'fr5'"'.- above 
about lO**- 0' molectjj^s/ml O.e. approx 0 J5>1 V 
pmo/l)(Dakubu«./,,^ 

fields (e.g. virology. tumour detection) there is a . 
particular need to,,detect ,or ,measure moletuia? . 

.deiermine . irnmunoassay isensitivity - have been 

. ' ^e^'ertheless, some of the 

stood S S 

con^fxt . ^he present 



( . . 



The concept-of sensitivity 



^ in 3 ^^°^om\c, practical- 

• , and convenience, etc. (i.e. 'non-scientific) 
Ji> JJ« attainment of higher sensitivity. . ^" 
(3) The development of 'immunosensors' and 
immunoprobes . 

s?sfemt'"°^'"'"* °^ '"'"'ti-analyte' " assay 



Our own reasons for developing non-isoiooic 
echniques fall principally under headings (2 and 
(4). and this presentation will centre primari y on 
the concepts which underiie our immunoassay 
development strategy in these areas. ""^"^^ 



THE ATTAINMENT OF 'ULTRA-HIGH' 
IMMUNOASSAY SENSITIVITT 

TTiough, as indicated above, the sensitivity of 
radioisotopically based immunoassay methods 
has constituted one of the principal foundations 
of their widespread use over the past 25 years a 



One major source of past confusion has been 

ft'i'tsdf'mTn"'"?'"^ '''' ^°"-P' 

Sth he ;ion. -oAk '^"'^'"S ^«^>' sensitivitji - 
NMth the slope of the dose-response curve (Yalow 

and Berson, 1970a, b; Berson and Yalow' IQTr 
see also Ekins era/., 1970b Tait 1970^1,';^ n 
widely agreed that the nolioi' IhTa s ^eep'T 
dose-response cur^'e implies greater sensitiviwls ' 
erroneous. The invalidity of this belief is Slv ' 
revealed by the fact that the relative magnitudes 
of the responses yielded by two assay systems Is 
dependent on the particular variable wS ' 

U^w^v '' ?nP-7f'"' ^«P°nse (see Fig 
Ha) (Ek.ns, 19/6). For this and other reasons It 
has long been recognized that the 'sensitivity' of 
an assay can only be satisfactorily represen ed by 
•ts lower limii of detection (Fig! Ub)) and thi^ 

aTeeTd'V"°^' ^"'^'^'^^ ^" '"t-nat on 
agreed definitions of the term. An essentia v 

Identical definition is as the precision i e 

standard deviation) of measurement of zero dose' 

since this quantity determines the least quantity 

distinguishable from zero and hence the assay 

detection limit. The sensitivity of an assay is thus 

represented by the zero-dose intercept of the 

precision profile' (Fig. 2(a)) when the latte is 

thfn of fr f ''""'^^'^ d^^iation rathe 
than of coefficient of variation (Ekins 1983a) In 
s ort, the more sensitive of twi assaj^ !s th ^oie 
yie ding greater precision of the zero dose 
estimate (Fig. 2(b)). 
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a. 



b. 



FiEure 1. (a) Diagrammatic representation of conventional RIA 'dose-resporise curves for systems uslna hioh (hi) and low do) 
antibody concentrsfons plotted ,n terms of free^bound (F/E) and bound/free (B/F) labelled ant Jen NwTtLXusJol ^ 
amount of ant.boc^y yields a dose-response curve of greater slope in the F/B plot..;but of tower stope in thj bTf ntei 
.mposs.ble to dec.de. on the basis of the data shown in this.figure. which concentration of anSy y eWs he assay sSs°em oi 
higher sens.tiv.ty. (b The sens.t.v.ty of an assay is essentially represented by the minimum detectable dLe i e the SD of tiS 
dose nrieasurement (SD,oo„,) at zero dose. This is oiven by the SD of the resoonse (SD ^ t riiuwLrt f AI' ^ 
rurve clone at 7Pro doee (I e /(<;n 1 ^, ^n,^D\ i tl. . 'esponse wucejoonw)) divided Dy the dose-response 

curve Slope at zero oose (..e. ({SD„„p, ,) x dO/dft)o). This quantity is unaffected by the choice of the coordinate frame used to 
plot the dose-response curve. (Note: .t .s common to multiply (SD.^„,)o by an arbitrary factor to inc%aVe ihTconSnce tevS 
etieching to the minimum detectable dose estimate, though, since no agreement exisTs regar,^rng Se^lue o"ht flSJr 
unnecessary step merely adds to confus.on when the relative sensitivities of two assay procedures are cdmpa Id ) 



'Competitive' and 'non-competitive' ('limited 
reagent' and 'excess reagent') assays 

A second important misconception in this area is. 
the notion that immunoassays relying on the use 
of labelled antibodies (e.g. immunoradiomeiric 
assays, IRMA) are ipso facto more sensitive than 



I , 



those which rely on the use of labelled 'analyte* 
(e:g. radioimmunoassays, RIA); furthermore the 
grounds originally advanced for the claimed 
superiority of labelled antibody methods (Miles 
and Hales, 1968) were partially based on false 
concepts of sensitivity, and thus failed to identify 
the true reasons why certain assay designs arc 





100 




100 



(b) 

Figure 2. (a) The 'precision profile' of an assay ponrays the error in the dose measurement as a function of dose The error 
may be represented, mter alia, by the absolute error (AD; e.g. SD of D) or the relative error {AD/D" eg CV of D) '(AD)« the 
error in the measurement of zero dose, represents the sensitivity of the assay. The working range may be defined as the ranoe 
of dose values within which AD/D is less than an 'acceptable* value set by the investigator, (b) The more sensitive of the two 
assays (assay I) intercepts the AD axis at a lower value. However, assay II is more precise at higher values of dose and has a 
wider working range. • ■ 
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potentially capable of yielding far higher sensitiv- 
ity than others. This ' issue likewise merits 
clarification: i ■ , ■ . ^. : 

• The pureiy pragmatic -sub-classification of 
immunoassaj's' into labelled antibody and labelled' 
analyte methods diverts attention from' a- more 
fundamental divide in immunoassay methddolo 
gy, which relates to the optimal concentration df 
antibody required in an assay system to maximize 
Its sensitivity.. :iri certain assay designs (Which may 
be termed 'limited reagent' or 'competitive') the 
optimal conantratibn tends to zero; conversely in 
others (which may be itrn\€d 'excess reagent' or 
non-competitive') the concentration tends to 
infinity. It should be particularly emphasized that 
the optimal antibody concentration is essentially - 
governed not only by the physicochemical charac- 
tenstics of the antibodj-anaJyte binding reaction 
but also by the errors incurred in measurement of 
the assay response. Were an assay system to be 

13 k"'"*'*^'".' concentration 
would be optimal, and the distinction between 

competitive and non-competitive methodologies 
would thus not arise. "'wgics 

It IS inappropriate in this Dresentatinn 
to discuss in detail the statistical and pS s co 
chemical theory underlying this fuhdamemal 

al, 968, 1970a; Jackson « al., 1983), the reason 
for It can perhaps be more readily understood if 
the basic principles of immunoassay are ponrayed 
in a somewhat differem way from that in which 
they are usually presemed. All immunoassays 
essentially depend upon measurement of the 
fractional occupancy' by analyte of antibody 
bmding sites following reaction of analyte with 
antibody (see Fig..3(a)). Those technique wS 
.mpiiatly rely on measurement of residual 
unoccupted, binding sites optimally necessitate 
he use of concentrations of antibody te"d ng o 

T.Ct "''^ -competitive', converse- 

ly those in which occupied sites are directly 
measured necessitate use of high antibody con- 

fprS «--ed 'non-compe'titTve' 

(Fig. 3(b)). This emphasizes that the differences 
m assay design characterizing so-called competi 
t.ve and non-competitive methods are essent^l |y 
unrelated to which component (if any) of ?he 

[n 1'!'°^''"?"; 'f ^"^"'^ immunoassays 

m which no label of any kind is involved can on 

idem.cal grounds, be subdivided into those of 

limited reagent' (or 'competitive') and 'excess 

reagent' (or 'non-competititve') design. Thus the 
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distinction between these two formQ of .- 
.rnunoassay simply reflects diffe'en e^n ,h1-way 
hat fractional ant body occupancy is^ieterminTd^- 

reatois 0^.11 " « generally, Undesirable-Sr' 
reaspns of accuracy-^,o measure a small quantity 

•quan ;"r'"v?hen' between , two /Tr^^, 

quantities. . When an immunoassay relies on the 

W";?:^'/ -noccupie^d antibody iJnd ig 
c ^'"ount of antibody used in thf 

reSp"" r'^H- 'T^^ »P minimize error n he 
resulting (indirect) estimate of .occupied, sites ' 
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Jnrt . ^ '^'Sfnction between -norvcompetitive' (ahn„o> 
and competitive' immunoassays (below) rpWtc K ®' 
antibody binding-site occuoancv mL= 
antibody methods are •noS-competitTve-Tor"/''^- J-'^'^^"^ 
the (labelled) antibody are meTsured bu "^'^'^ °' 
(below right) When anoccapS si"es are 1,! ""^Pt'-'i^e" 
antigen (below left) nr iThJ h "-abelled 

methods \bSow centre !t o' ,^e^''°''''''' ''"^^ 
unoccupied by analyte and .""^^^^'ement of sites 

■competitive- desfgn ^ 'n variably, of 
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*eomp€titiy e' immunca s say . ^ *Non-competiti ye' immunoassay 
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Figure 4. Curves showing the theoreticaily predicted reietionship between^ antibody affinity and the sensitivities achievable 
using 'competitive' and 'non-competitive' essay strategies. The 'potential' sensitivity curves assume the use of infinite specific 
activity labels; the sensitivities achievebie using '"l-labelled antigen-or antibody.are also shown Shaded areas indicate the 
sensitivity less cue to errors in measurement of the label. Curves relatinc to 'competitive' assays assume a 1% error in 
measurement of the response variable arising, from - experimentar errors (i.e. errors other than those inherent in label 
measurement perse). Noncompetitive curves assume 'non-specific binding' of labelled antibody of 0.01% and 1% (lower and 
upper curves) respectively. Arrows indicate sensitivities claimed for typical noncompetitive -immunoassay methodolooies 



Conversely, when occupied sites are measured 
directly, this particular constraint does not arise; 
indeed, considerable advantage often derives 
from using relatively large amounts of antibody in 
the system. 



Sensitivity of 'competitive' and 
'non*competitive' immunoassays 

Competitive and non-competitive immunoassays 
differ significantly in many of their performance 
characteristics in consequence of the differences 
in optimal antibody concentration on which they 
rely. Most particularly they differ in their 
potential sensitivities. Figure 4. portrays the 
sensitivities predicted theoretically as a function 
Of antibody binding affinity, making realistic 
assumptions regarding the experimiental errors 
incurred in reagent manipulation, *non-specific' 
binding of labelled antibody, etc., and assuming 
the use of optimal reagent concentrations (Ekins, 
1985). Amongst other concepts illustrated in the 
figure is the much greater assay sensitivity 
potentially attainable (using an antibody of given 
affinity) by adoption of a non-competitive 
approach. In short, whereas the maximal sensiiiv- 



ity realistically achievable using a competitive 
design is in the order of 10^ molecules/ml (using 
antibody of the highest affinity found in practice), 
a non-compeiitive method is capable of yielding 
sensitivities some orders of magnitude greater 
than this. However, Fig. 4 also demonstrates that, 
assuming the use of high affinity antibodies (i.e. 
---10^^-10^^1/m), maximal sensitivities yielded by 
isotopically based techniques (whether relying on 
labelled antibody (IRMA) or labelled analyte 
(RlA), or whether of competitive or non- 
competitive design) are closely comparable, i.e. 
of the order of lO'^-lO^ molecules/ml. 

This limitation is a manifestation of the fact 
that, in the case of the non-competitive methods, 
an important constraint on assay sensitivity is 
(under certain circumstances) the 'specific activ- 
ity' of the label used. On the other hand, 
limitation of assay sensitivity due to the low 
specific activity of radioisotopic labels does not 
often arise, in practice, in the case of competitive 
assays, whose sensitivity is generally restricted by 
other factors (Ekins, 1985). The fundamental 
significance of this conclusion is that, only by the 
use of labels possessing specific activities higher 
than those of the commonly used radioisotopes in 
assays of non-competitive design, can current 



64 



i I- 



sensitivity limits be breachei Conversely use of 
a higher specific activity labej in a cnmn^f. 
assay will , sualJy have .IsigtS-fi^^^ 

ensmv,ty, (assuming experimemal 'errorf incJ 
red m reagent manipulation of the magnhude 
generaljy, encountered in practice). 
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High specific activity non-isotopic labels 



-^nl.VH IP'"^' « «>nventionany 

-Pphed m. the case of radioisotopic labels to 
denote the number of radioactive disintegrati^is 
r/iH' "nit weight of the isofope o 

he^^r2,'°'"''r "''^ ^" ^''^ P^«^"' context ,w o 
the term js wjdened to signify 'detectable events' 

per unn time per unit weight of labelled materii 

Thus u can be.used to indicate the rate of pho"on 

iabel, or the rate of conversion of substrate 
molecules— by an enzvme lah*.! ?"Dsiraie 
a deiertaKio ""^"2)116 ja Del— to molecules of 
a detectable product. The importance of th^ 
concept derives from the fact thaf %\o^^^ 
n^easurement error' (i.e. error in the meaS' 
ment of the label per se) is a contributory7ac,or fn 

may — when nth*>r - 

sensn,v,ty.constraining faaors are reducedl 
become dominam. Funhermore when /vt^^Hi 

countmg individual 'detectable evems' anH 1h 

po^fitii; sr4'^4h^^^^^^^^ 

che^;^ ^''^ °^ 'his volume since 

chemiluminescent and fluorescent labeirLn S 
used to label antibodies (or an, gens) directiv 
al.erna„vely, enzyme labels catal>^iJg\elaions 
yielding chemiluminescent signals or fluore cen 
products can be utilized. "uorescent 



Ttble 1. Relative speeffic ~~ 
isotopic end non-fectSSbel? ZVt^^^ 
the specific activltv of "wfiiS * 
not. In practlc^ s^S^mLtli lfm^^^^ 

activity of 3H marseverdJreiSTth'^'^ 
of ?on.pethive assays (e 0 of ■ the^sensrtivity 
which rely on the use «f ?'i;° ''o^'nones) 
tope ^ " ^^'5 particular rBdipisQ. 

Specific Activities 



■Enrymes: 



Chemiluminescent 
labels 

Fluorescent labels: 



' event/sec/7.5 x 10« 
. ifibelledimolecules; .. , , . . , 

'■ !."^'''«-«v€nVsec/5.6 X 10« 

. labelled molecules: 
Determined by eruyme 'a mplifiw. 
.on . factor', and detenability of 
reaction product. ' ' ' 

cuj'^"^*"* event/labelled mole- 



The importance of background in 
"©"-competitive immunoassays 

A second important factor governing the sensitiv- 
ity of non-competitive labelled-antibody m- 
munoassays IS the 'background' or 'blank' signal 
emuted m the absence of analyte. since err^r in 
the measurement of this signal is clearly a major 
determmant of the error in measurement of zero 



sana\\]ch immunoassays snliH ' Vo-s? 
antibody' supports or, in th'e' case'^^^radioSE' 
methods, cosmic ray and other extraneou rS? 

^d ann-Kndi "°"-^P^^'ficaily bound' abel 
lea antibody. Mmimizat on of each nf .k1 

Its exposure to analvte. Thus jncrea.inl .k 

amount of labelled aniibodv increa^^fth?^ 
of such ant.K^^ u J ^ increases the amount 
or such antibody bound to analvte; however it 

may also mrrpac** tk^ " "^"'^^cr, \\ 

Zh^J t ^.^d"^«'On m sensitivity. This effect 

™a;,t ' "k' -r^ 
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Figure 5. Assay sensitivity (represented by the standard 
deviation of the zero dose measurement, oq). plotted as a 
furjction of the concentration of labelled antibody (of affinity 
10"LyM) used in the assay, assuming different levels of 
non-specific binding of labelled antibody "(Note: an irreducible 
instrument background has been assumed in the computa- 
tions represented; this limits the ultimate sensitivity attain- 
able, regardless of the concentration of antibody used.) 



lower concentration is required to yield the same 
level of analyte binjding, albeit with reduced 
non-specific binding, thus increasing assay sensi- 
tivity ' ' . 

In summary, the high sensitivity of non- 
competitive labelled antibody methods derives 
essentially from their permitted use of optimal 
concentrations of antibody which (provided non- 
specific binding of labelled antibody is low) 
are generally considerably greater than in com- 
petitive methods, not from the fact that the 
antibody is labelled. Labelled antibody methods 
generally /fl// in sensitivity as the concentration of 
antibody is reduced towards zero, ultimately 
yielding a sensitivity theoretically identical to that 
of competitive methods (Rodbard and Weiss, 
1973). (Paradoxically, early exponents of labelled 
antibody methods, whilst claiming them to be of 
higher sensitivity, also concluded that their 
sensitivity was increased by reduction in the 
amount of labelled antibody used (Woodhead ei 
aL, 1971). This incorrect conclusion— based on 
observation of effects on the slope of the 
dose-response curve— exemplifies the many falla- 
cies encountered in the immunoassay field stem- 
ming from confusion regarding the concept of 
sensitivity discussed above.) Finally it should be 



emphasized that maximization of the sensitivity of 
' a non-competitive immunoassay generally implies 
the selection of reagent concentrations and other 
experimental conditions such that the [analvte 
signal/background] ratio (i.e. sib) is maximized. 
However, this simple ^relationship disregards 
statistical considerations which arise when the 
numbers of detectable events are ver>' low, and a 
more appropriate objective may, under these 
. circumstances, be maximization of the ratio s^lb 
(Loevinger and Herman, 1951). 



Other performahce cKarscteristics of 
competitive and hon-competitive 
immunoassays 

Non-competitive designs also display a number of 
other advantages deriving from the relatively high 
antibody concentrations on which they generally 
rely. These include increased reaction speeds 
(and hence shorter incubation times), decreased 
vulnerability to cenain environmental effects 
(which cause variations in binding affinity be- 
tween antibody and anaKie), reduced sensitivity- 
dependence on high antibody binding affinity 
etc. 

Nevertheless a price has to be paid for these 
benefits; this includes the greater tendency of a 
large amount of antibody to bind molecules 
differing from, but with structural resemblance 
to, the analyte itself, implying a loss of assay 
specificity. This effect generally necessitates the 
use, whenever possible, of an *immunoextraction* 
procedure using a second 'capture' antibody 
(usually directed against a different binding site, 
or ^epitope') as shown in Fig. 3(b). This 
technique— the "sandwich' or *two-site' im- 
munoassay (Wide, 1971)— thus potentially com- 
bines the twin vinues of ultra-high sensitivity and 
specificity (together with short reaction time), 
features of crucial importance in many diagnostic 
situations (for example, in the detection of AIDS 
viral antigens). (Note, however, that the loss of 
specificity inherent in non-competitive assay 
designs implies that they are less readily applic- 
able to the measurement of analytes of small 
molecular size, which cannot be simultaneously 
bound by two different antibodies directed 
against different antigenic sites on the molecule. 
Such analytes are generally more appropriately 
measured using 'competitive' assay methods.) 
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Development of ultra-sensitive 
immunoessay methodologies 



The perception that the development' of ?u 
sensitive' immunoassay systems.:(i.e: ' systems 
surpassmg conventional RIA methods in sen^itiv-' 
ity) depends on (a) reliance on 'excess reaeent' or 
non-competitive' assay designs; (b) the:, use of 
non-,sotopic labels displajing higher,,; specific' 
activities than commonly used radioisotope*- ft) 
the development of efficient separation rvsVems 
(ensurine minimization of nnn.criev;4i«. . 
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ultra- 



(ensurmg minimization of non-specific ant-ibodv i u:nco^ immunological' factors 

binding, and hence of signal 'backgrounds'), and S „ " ! panicular nature of the 

(d) dual or multi-antibody analvte-rprnan;,;^„ .kT 



Nevenheless the convenience (from a manufac- 
lunng y,e>.pomt, and for other technical reasons) 
^1 relying on standard labelling procedures has 
meant that, even in these cases, labelled antibody 
techniques are increasingly preferred. Thoueh the 
commercial kits based on these various labels 
flitter to -a minor extent in sensitivity, specificity 
convenience, ,etc.,_,such differences are at least 

coThe"^ ■ '° differences in the piyst 

cochemical characteristics of the antibodies used 

n the.k.ts and to other "immunological' factore 
unconnecterf \x>Uh • . * lociurs 



(d) dual or multi-antibody analvte-recoenition 
systems (exemplified by 'sandwich' or two-site' 
assays) to maintain/increase assay specificitv has 
formed the basis of our own laboratory's' im- 
munoassay development since the early to mid- 
1970s (Ekins, 1978). This led us, /mer .7j°,o an 
immediate recognition (Ekins, 1979, 1980) of the 
importance of the in vitro techniques of mono- 
clonal antibody production pioneered bv Kohler 
and MiJstein (1975), which are currently the 
subject of bitter patent disputes in the ' USA 
(Ezzell, ]986, 1987a,b), and which mav be 
expected in Europe. 

Meanwhile, of the candidate labels for use in 
this context, both chemiluminescenl and fluores- 
cent labels offer many attractions. The develoo- 
ment of stable, highly chemiluminescenl acridi- 
niuni esters by McCapra and. his colleagues 
(McCapra e/ al., 1911) has subsequently been 
exploited by Weeks ei al (1983. 1984) and more 
recently, by several commercial kit manufactur- 
ers; other .workers have used more conventional 
chemiluminescem compounds to label immuno- 

1984 1985; Barnard eral., 1985). Yet others have 
relied on enzyme labels to catalyse chemilumi- 
nogenic (Whitehead eral., 1983) and fluo^oge^c 
(Shalev e/ fl/., 1980) reactions as indicated above 
Detailed description of these various meihodolo^ 
g.es IS presented by others- in this volume and 
need not be duplicated here. 

Common to all the 'ultra-sensitive' immuno- 
assay methodologies relying on such alternative 
abe s IS their dependence on a non-competitive 
labelled antibody, assay strategy whenever 
appropriate; however, for the reasons indicated 
above, competitive methods continue to be 
generally employed for the measurement of 
analytes of small molecular size (e.g. therapeutic 
drugs, steroid and thyroid hormones etc) 



Despite the obvious attractions of chemi- 
lummescent technionpc Jn • cnemi- 
tevt »h» , cL * n ^ " ^" immunoassay con- 
S ? °^ labels combined with 

sophisticated t.me-resolutipn techniques for tS 
detection (a concent ari<;ino frA;^ . , 

J F Tait in i07n? ^ '^^'^'^""'°"swith 
^;/io-n l appeared to us (in the 

nnt hT ? '"^^^ ^'^•^"ing long-terr^ 

possibilities for a number of reasons ThJ« 

•the enhanced 

pecific activities and high signal to background 
nH required for ultra-sensitive immunoassay as 
mdica ed above^^ However, more importantly 
fluorescence techniques also appeared to provide 
a s mpe route to the developmem oi '^uSt 
analyte' assay systems of the' kind dlcHbed; 

In pursuance of this strategy we be^an 
collaboration with LKBAVallac, ^c^ 1 976-77 ^1n ^ 
he development of the instruments ion and 
technology required to develop such methbds - 
Forn.na.ely a group of fluoreLnt sub ances 
generally known as the lanthanide cSes 
ni^rl P'"'^"'^^' chelates of eu o- 

divdonm.T"'" '""^ '"^'""^ f^'^''"^'^ S"ch 
aexelopment, possessing prolonEed fluorescence 

?"dor."i^^^^°*^^)' '^^g^ Stokes shlf? 
sTiL ITch'n' °'^^^/^«'^^bIe physical character 
chean inc, ^^"^'^""ion of relatively 

m 'heir measurement 

(Marshall e, al.. 1981 ; Hemmila et al., 1983) TTie 
fluorescent properties of the lanthan de chelates 
may be compared with those of a convem oTa 
fluorophor such as fluorescein which is cSa ac?e 
nzed by a much smaller Stokes shift (~28nm^ 

spectrum "Th'"' 1^"^ ''"'^ and^missTon 
spectrum which imply that it is less readilv 

distinguished from fluorescent substances presem 
iolde'rf -^f °' plasTc'samp 

o^rh:7antel&^^^ 
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measured in the presence of a fluorescence 
background (deriving from extraneous r sources) 
which, ; in practice, approaches zero. Fig. 6 
illustrates the basic concepts involved in.pulsedr 
light, time-resolved, fluorescence measurement 
which form the basis of the DEUFI A immunoas- 
say system currently marketed by L-KEAVallac. 
' Though it is= inappropriate^ to" pursue -this 
subject in greater detailV attention should also be 
drawn to the -possibilities offered by phase- 
resolved fluorimetry. This permits separate iden- 
tification of fluprophores differing in fluorescence 
lifetime' by 'their exposure to a sinusoidally 
modulated exciting light source, and obser\'aiion. 
of their demodulated, phase-shifted. light emis- 
sion (McQowh and Bright, 1984). This technique 
offers the possibility both of the development" of 
homogeneous assays (relying on a difference in 
fluorescence decay time of bound and free forms, 
of the fluoresceni-iabelled , molecule), and of 
discriminating between two labelled antibodies in 
the context of multi-analyte *ratiometric' im- 
munoassay as discussed below. 

.if 

'AMBIENT ANALYTE' IMMUNOASSAY 

Before proceeding to a discussion of the. develop- 
ment of multi-analyte assays, another important 
concept, termed 'ambient analjne immunoassay' 
(Ekins, 1983b), must first be examined. This 
term is intended to describe a type of immuno- 
assay system which, unlike unconventional 
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Figure 6. Basic principles of pulse-light, lime resolved 
fluorescence. Fluorescence emitted by the fluorophor (typi- 
cally a europium chelate) is distinguished from background 
fluorescence, which decays more rapidly. 



methods, measures the . analyte concen/ra//on in 
the medium to whi^h an. antibody is exposed 
being essentially independent both of sample 
volume,: and of the amount of antibody present 
This concept is illustrated. in Fig. ?, and relies on 
.the physicochemically-based proposition that 
when a 'vanishingly small' amount of antibody 
(preferably,. but, not esse,ntialiy, coufpled to a solid 
^support) is exposed .10 . an analvte-containing 
medium, the resulting (fra.ctional)'occupancy of 
antibody binding sites solely reflects the ambient 
analyie . concentration. Glearly the binding bv 
antibody of analyte results in a depletion of the 
amount of. analyte in the .surrounding medium, 
but provided the proportion so bound is small 
(i.e. less than, for^example, 1% of the total), such 
disturbance can be ignored. (This effect is closely 
analogous to that caused by the introduction of a 
thermometer jnto a medium possessing a much 
larger thermal capacity; the, temperature disturb- 
ance caused by the thermometer itself is negligi- 
ble and can, in these circumstances, be disre- 
garded.) . 

The principles of ambieiy analyte assay derive 
from the recognition that a// immunoassays 
essenually depend upon measurement of the 
•fractional occupancy? by analyte of antibody 
bmdmg sites following reaction of analyte with 
antibody as discussed above (Figs 3. (a) and (b)). 
The fractional occupancy of ('monospecific* or 
'monoclonal') antibody binding sites in the 
presence of varying analyte concentrations, plot- 
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An^%^ ^^^'^ principle of 'ambient analyte' immunoassay 
(AAU. The fractional occupancy (f) of a vanishingly small 
amount of antibody (of affinity K) is determined by the analyte 
concentration in the medium (|Anl). 
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ted against antibody concentration, is ponraved 
'Lfl^A •• fraction of analjie bound is a'iso 
plotted in this figure. (Noti::. for the sake of 
generality; all . concent rations in this figure are 
expressed in tenns of ]/K, where TsT is the affin'itv 
constant of t7)e antibody. For example if K = 
n , ^nln concentration of 0.1 x 1/K represents 

10" = 6.02 X lO^moJecules/mJ.) 

It should' be particularJy noted that, at sntibody 
concentrations of less than cq 0:01 x ifK antibodJ 
fractional occupancy is essentiallv dependem 
solely on the analyte conc^ntratibn in the 
medium, and is independent of variations in 
antibody concentration. Thi: reflects the fact that 
this concentration of antibody binds less than 
approximately 1% of the analyte in the medium 
irrespective of its concentration. This implies, for 
example, that the introduction of 10, 100. or 1000 
antibody molecules into a medium containing 
billions of analyte molecules will result in each 
case, in vinually identical fractional antibody 
binding-site occupancy, the upper limit of anti- 
body concentration being determined bv the 
antibody affinity constant. (An antibody concen- 
tration of 0.01 X ]/K is a hundred-fold'les^ than 
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that (1 x l/K) necessar}' to bind 50% of a 'trace' 
, amoijnt of analvte (see Fie gV dsimi^ii k», d 

•^^uL ^ ' '1°P^ °^ dose-respdnse curve' 

at- neT'^f- '"'"^ °^ bound/free label^S 
anjyie). ThiS: false conclusion has subsequently- 

'"to: the, mvthologJ^ of 
rad^.mmunoassay design which, regrettably a 

n-S p!?-'"! ^ssay concept was S 

n-l.ly exploited in the originar develoDmeni of ' 
what has come to be knotri'as wSTp' free 
hormone immunoassay (Ekins et al iS hmtx 
IS clear that it is of far wider application and can 
m panicular,.be utilized in. fhe cbn^Sn of 
Jmn?unosensors and immuriopfobes One such 
example is a probe for the^ measur^men 
salivar). steroids that is currently being de^eiooed^^^ 

coate" '^litT'"^^ ' .smal3>^ 
.han! ,J f ^^''u'^ comparable in size and 
shape to a clinical thermometer, this device ^is " 

t ?oidt: '^'^•^"^"rement of 1 

i'^ Hnwe?'''''K"' ''^"'""S the collection of • 
sajna. However, the concept also underlies onr 

under development in our laboratory. 
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multi-analyteVatiometric 

IMMUNOASiSAYSySTEMS 

The concept$. relating to ambient snalvie ■im- 
munoassay ahd::assay, sensitivitv outlined at^ove 
are both exploited in our present development bf 
a^.random access, ^multi-anahie, immunoassay 
technology capable of measuring, in the s^me 
. , small sample,,virtu.ally any number of individual 
. ?nalytes from selected' anakte 'menus' (e p a 
hormone menu, viral antigeh menu, an allergen 
menu etc.). Many examples of a need to measure 
.a multiplicity of different analvtes in the ^ame" 
;sample exist m medical diagnosis, for example in 
the routine diagnosis of thyroid disease, where it 
...is^requently necessar)' to measure a number of 
^different hormones and ihyroid^related proteins/ 

y experience diffi- 
culty in deciding on the best sequence of te^ts to 
arrive at a. correct diagnosis. Such problems 
would be overcome, were all relevant analvtes 
measurable at a cost comparable to the cost of 
measurement of a single substance. Our own 
immediate objective is the development of a 
technology permitting the measurement of com- 

S,^'' 1 "''"2 ^ ^'"g'^ ^"^2" blood 

sample. However, the need for 'muhi-anaKte' or 

r^trfS?^^""' measurement is not confined to 
rnedical diagnosis: it also arises, for example, in 
the pharmaceutical industry (where there exists a 
requirement to ensure the purity of protein drugs 
sj-nthesized by recombinant DNA techniques) in 
the food industry and elsewhere. Though still at 
an early stage, our approach to the achievement 
of this objective can be briefly indicated. 

Multi-analyte assay: general principles 

As discussed above, the . notion of ambient 
analyte assay simultaneously introduces two 
extremely imponant and novel concepts: (a) that 
an estimate of analyte concentration can be based 
upon the use of an infinitesimal amount of 
sampling' antibody, and (b) that such an estimate 
derives from a direct measurement of fractional 
antibody occupancy by analyte, irrespective of 
the exact amount of antibody used. It should be 
emphasized that the latter proposition is valid 
only m the context of ambient analyte assay and 
IS noi true in current conventional immunoassay 
systems (in which fractional antibody occupancy 
depends both upon the amount of antibody in the 



?vsiem, and sample voliime^ee Fie -gV in 
^^^P^fe of a small 'number of aSiKdv mole-' 

located on a solid support) to aii- analwe- 
contaimng; fluid results in^occupancy of antn^^dv 
binding • sites, in the microspot reflecting 
analyte concentration in the medium. FoUow ne 
such exposure,' the .amibody-bearing probe maf 
be removed and exposed to a 'developra' 
solution; containing ;a. high concentration of an 
appropriate '^second antibody directed aeains^ 
..,;atera_secoruJepitope.onthe'analW 

his IS large (I'.e. -the <)ccupied site), or agains 
unoccupied antibody binding sites in the case o 
small anahae molecules (see Fig. 3(b)). (Note an 
•,antibody.,s,mulating,amigen,|ndvrea^^ 
. unoccupied .binding ^ sites, is described^r a 
mirror-image anti-idiotypic antibody'; the use of 
such an antibody instead of labelled aniigeS t 
■convenient but not essential, and is sugfested 
here ^merely to simplify illustration of the basic 
concepts involved.) , 

.Subsequently, an estimate of binding.site occu- 

located in the miaospot mav be derived bv 
measurement of the. ratio of signals emitted bv the 
^'o antibodies fomiing the dial-antibody Zu^ 
\ conveniently achieved by 

labelling the 'sampling' and 'developing' and- 
bodies with different labels, for example a^alr of 
radioactive, enzyme or chemilumines«nt^ lia?! 
l.r v are nevertheless particu- 

larly useful ,n this context because, by the use of 
optical scanning techniques, they peri^it arrays of 
different antibody 'microspots' distributed over a 
surface, each directed against a different analyte. 
^ be individually examined, thus enabling 
mu t.ple assays to be simultaneously carried out 
on the same smaH sample. Fig. 9 illustrates these 
basic Ideas, and Fig. 10 such an array 



Microspot Immunoassay sensltivltv 
theoretical considerations 

The notion that it is, in principle, possible to 
measure an analyte concentration us nH rcros^ 
pot of antibody comprising a number of an^dv 
molecules in the range ca lO'-lO^ is likely a t fi S 
sight, to appear surprising, and may ^'indeed 
provoke scepticism regarding the assay seS 
nes potentially attainable using this ^app^ach 
Cleariy a number of factors, such as the sensitiv^y 
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0 phoions 
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V A\ ^"^'*9'^3lyie antibodies 

^ anti-idiotypic antibody 



l3 fluorophor Non-competitive system 



Competitive system 



RoureS. Basic principle of dual-label. ambieni-anai\/To irr,,,,..,,^^- , 
■ end ^ fluorescent photons emitted reflects the vSue S'Fin?T!nH ''"^'^^'^^"'.'^belled antibodies. The ratio of a 
concentration to which the probe has been exposed It i« una fertpri hi Tk! ■ ' ^"'^ ^^'^'^ dependent oh the analyte 
monomolecular layer) on the probe surface. ur.aftected by the annount or distribution of antibody coated (as a 



T'^^f"""^ equipment, the density of 
antibody molecules on the surface of the solid 
support, etc are likely ,o play a pan in 
deierm.mng f.nal assay sensitivity. Such factors 
are m turn, dependent on the efficiency with 
wh.ch the particular labels used can be detected 
the adsorption properties of antibody supports,' 
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Figure 10 Multi-analyte- antibody array. Each antibody 
microspot represents a Vanishingiy small" amouni of 
antibody directed against an individual analyte. 



able^sn^mp,!^"' "'^^''^''P^sly variable, reason- 
aoie estimates can behmade of the order of 

some s mple iheoreiical calculaiions. To clarify 

sen ing aniibody can be uniformly and consis 
.en, y coa.ed on a solid ma.rix a', a s.andTrd 

a i STe'lai Lt^ -^"""P'"*- 

fn u.r.: ' .^^ laDelled and measured m order 

imibodyrdi^/sii^r' 

Fig- i 1 Illustrates the surface of an antibodv 

lTcoa?e°d M^-^'l and (un orm- 

l>) coated wnh antibody of affinity /C(L/M) in a 
monomo ecular layer of density 'o&.es/ 
analL ^P°' ^''P°sed to an 

con ^ n ""'"^ volume Kml). and 

contammg an analyte concentration C molecule^ 
mi. The molecular concentration of antibody in 

th!,'^''r.!^ (Note: the fact 

that antibody is situated on the surface of a solirf 
support and not evenly distributed th^oughom 
the medium does not affect the extent of analyte 

tha, TS.'k r'"''"'' equilibrium, assuming 

hat antibody binding sites are not impeded in 
he.r reactions and have not been damaged during 

the coating process.) ^ 

bodv ?^n?'''' occupancy (F) of anti- 

body binding sites by analyte (at equilibrium) is 
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, I — -Antibody density 

' ^ ' D nx)l€cules^ sq, •>>) ^vogadro's number: 

^*">r^*%vV>>>"-"-*"-'>ry N molecules/M 
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Antibody affinity X 

• * • KL/M 
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Figure 11. Microspot ambient-anelyte immunnseeav/ Th« — - 

though if the duel-labelled antibody •raiiometr^lnDro-rh^hoLn in p^^o" " '° ^ uniformly coated with antibody 

minimum fluid volume tor ambiemLlyteeSconc^^^^^^^^ is not essential. The 

Minimum test sample volume {M/Sl A x. D x K x S 'e"«blinQ adoption of the raiiometric approach) is shown. 



given by the equation: 

- F(yiq + piq + 1) +p/^ ^ Q 



TTie fraction of analyte bound by labelled 
antibody, (P) at equilibrium is given by the 



(!) equation: 



where p = analyte concentration, ^ = antibody 
concentration (both expressed in units of \IK\ 
Thus, for antibody binding site concentrations 
0 O.e. q < 0.01), F ^ pin + ;,); (see Fig. 8). 
Likewise the fraaion of analyte bound bv 
antibody (/) at equilibrium is given by the equation: 

f- f(yp + q/p .+ 1) + q/p = 0 (2) 

Thus, for analyte concentration -* 0 fi e d <r 

°f ^'^ ^^n^i' '^)'' '^''^ ^'e- Furthermore 
when.9 < 0 01, and when ;? ^ 0, / < 0 01 

Expressed in units oi lIK; the concentration (a) 

m the assay of 'sensing' antibody situated on the 

microspot is given by DAK/(v x 6 x lO^") (since 

Avogadro's constant, expressed as the number of 

molecules/mmol, is 6 x lO^o (approximately)). 

me fraction of an analyte concentration -» 0 

which will be bound to the spot is therefore 

DAKI{v X 6 X 10^0 + DAK), implying that the 

number of analyte molecules bound to the soot is 

given by vCDAKI{v y- t y. IQ^ + DAK). 

Case 1: sandwich (two-site) assay. Following 
incubation of sample with antibody, we assume 
the sample is removed, and the microspot then 
exposed to a volume V{m\) of a solution of a 
second, labelled, 'developing' antibody of affinity 
A (UM) at a concentration given by O 
(expressed in units of \IK'). 



F*^-.f.iVP + .G/?;+.l) + Q/P = 0 (3) 

where P represents the analyte concentration in 
the developing-antibody solution, expressed in 
units of yK', U. vCDAKKVUv y .6 x 102o + 
DAK)V X 6 X I02«].i . 

Assuming P < 0.01, r * Q/{1 + Q). (For 
example, \i Q = 1, the fraction of analyte 
molecules bound by labelled antibody = 05 
approximately). Thus, since the number of 
analyte molecules bound to the spot is eiven bv 
vCDAKIiv X 6 X lO^o + D^^/Q, the number of 
analyte molecules labelled by the .second, de- 
veloping, antibody is given by vCDAKQiUv x 6 
X 10^" + DAK){\ + Q)], and the surface density 
of^such molecules is given by vCDKQI[{v x 6 X 
10 + DAK){\ + Q)\ Moreover, assuming that 
DAK ^ V X 6 X 10* (i.e. that the amount of 
antibody in the system is such that 'ambient assay' 
conditions prevail, then the surface density (D*) 
of developing-antibody molecules = CDKQI[{(i 
X 10- )(1 + Q)] approximately. It should be 
noted that D* is independent of both v and V 
also that the ratio D'lD = C x KQMd x lO^^Vi 
+ C )] = C X constant. 

If the minimum detectable surface density of 
developing-antibody molecules (i.e. o,^', the 
standard deviation of the measurement of D* 
when C = 0) is given by D'i„ (molecules/^m2) 
ana represents the minimum detectable 

analyte concentration in the test sample, then 
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disregarding non-specific binding of developing 
antibody vl^'thin the microspot area, " ■ 

_ H ...... , -n- ' i . ^ ^ * . , . 



C„i„ = D;^iH X I(6;x.r](^0)(,l +.e)]/D/re (4) 

For example, if 2 = iVjD. = :iO^ moJeculesW 
= 10 L/M and Z>v^ = ,20 molecules/fim^, then • 
Cmin = 2.4: X 10^ moIeGules/ml r=, 10r^:^M/L. It 
should be noted, in, jthis . example, the fraciioM^ 
occupancy -of the . sensing antibody . binding sites v 
by the minimum detectable . analyte concentration 

is 0.04%. ' ■ ? . : 



Case 2: anti-idiotypic antibody ('competitive') 
assay. In t^is case,..we assume that,- following 
removal of the sample, the microspot is exposed 
to a volume y(ml) of a.solutipn of (for example) a , 
second, labelled, antj-idiotypic antibody reacting 
with unoccup/c^f, sites on the sensing antibody, 
Usmg similar reasoning as above, we may 
likewise assume that the fraction of such sites 
A'hich become occupied by the anti-ididtwic 
developing', antibody is given by Q/(] + 'q) 
A'here Q is the developing-antibody concentra- 
ion. However, the minimum detectable surface 
jensity of anti-idiotypic antibody is not, in a 
competitive design, the critical determinant of 
issay sensitivity; this parameter is essentially 
roverned by the precision of the density measure- 
nent. 

From Eq. (1), the fraction of sites unoccupied 
y analyte = 1/(H- ;,), and the fraction occupied 
y anti-idiotypic antibody = Q/(] + ^)(] + q\ 
"hus, if the CV in the measurement of anti- 
liotypjc antibody is the standard deviation is 
2/(1 + p)0 + Q). This term also represents the 
D in the estimate of the fraction of sites occupied 
/analyte. Smce the total number of antibody 
ndmg sites in the spot is DA, the SD in the 
itimate of occupied sites as /? ^ 0 (i e oD*) 
jproximates tDAQ/H + 0; the SD in the 
^Ji?,'^* !i!f surface-density estimate is thus 
+ Q). But the SD in the measurement of 
actional binding-site occupancy when p -» 0 
fines D„i„, and hence the minimum detectable 
■alyte concentration in the test sample as 
dicated in Eq (4). 
TTius 

= D^in X [(6 X 102«>)(i + Q)]/DKQ (5) 



nin 



= eDQ/il 0 ± [(6 X I020)(i + 

DKQ (6) 

= E/A- X (6 X 10^) (7) 
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For example, if values of Q = i _ jqs 
•molecules/fim^, and K = 10" UM arc'assuiiiedis 
in the noncompetitive example . considered 

; al?ove, and the ,CV : in .. the measurement .of 
anti-idiotypic antibody density in the microspot is 
l%^(ive. E = 0.01), then D^,, = 500 molecules/ 

IJ^-h?^^ <^min > 6.x, 10' ;mblecules/ml = 
-M ^/3'^"o"al occupancy of . the sensing 

antibody binding.sites.by the minimum detectable' 
analjie concentratioius, in this example 1% It 

should be noted that the sensitivity limit oif t/K 

(expressed in molar terms) is identical to that 

previously established for conventional 'competi- . 

tive ^assays (Ekins .and Newman; 1970). and 

^ which underlies the predictions representbd in 

-'rig; -4:" ' ' 

• Such considerations appear to suggest (a) that 1 
microspot assay sensitivities superior to those 
obtainable by conventional radioisotopically 
based immunoassays are achievable, and (b) that 
sensitivities yielded by non-competitive microspot 
assays are likely.to be considerably greater than 
those of corresponding compe;itive microspot 
assays It must be emphasized, however that 
though such -predictions are likely to prove 
correct, assumptions regarding the perforriiance 
of the labels and signal-measuring instrumem 
used are incorporated in the simple theoretical 
analysis discussed above. Such factors are clearly 
of importance in determining overall microspot 
immunoassay performance. 



Practical Implementation 



The concepts discussed above are clearly exploit- 
able using a variety of antibody labels, including 
chemiluminescent labels; however, our prelimin- 
ary studies have been based on the use of 
conventional fluorophores, since the technology 
ot simultaneous measurement of dual fluoresc- 
ence from small areas is already well established 
Because this volume centres on chemiluminesc^ 
ence, we shall provide only a brief indication of 
our initial experimental work in this area which is 
currently based on the use of commercially 
available confocal microscopes. ^ 

Instrumentation: the laser scanning confocal 
microscope. In laser scanning confocal fluoreso- 
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ence microscopy, a small area of the specimen is 
illurnjnated>y ? foajsed'Iaser beam; the flupresc- 
'^nf?.P^°*°"S emanating solely, from this area are, , 
•in turn, focused onto a photon detector. Both.the 
intensity of illumination and the efficiency of light 
collection diminish rapidly with distance from the 
focal plane, (Fig. 12). At the. 'confocal' point, the 
projection of the illumination pinhole and the 
back-projection of the detector pinhole coincide. 
Such systiems contrast with conventional ' ei>i- 
fluorescence methods, where ihe specimen is 
exposed ;to an essentially unifonh flux of illumina- 
tion (White « a/., -1987). ? . 



;Sensitivity of current inistruments. Tvpically 
fluorescence photons emanating from the laser- 



Laser 




Beam 
Splitter 



Detector 



Objectivi 



Object 

in Focal Plane 
not In Focal Plane 



Figure 12. Principle of the confocal microscope. Illuminating 
ight IS focused at a point in the focal plane. Reflected light 
from this point is focused onto a deteaor. A complete 
tvwKlimensional image of structures within the focal plane is 
obtained by scanning the selected area of interest and mav 
be stored in a microcomputer for video display 



illuminated area are- ijetect'eil'by a low h,,i, 
cur,-entpljoto,ju!tiplier,Ele«ron'^A^^^^ 
emitted by the photomultiplier KcatSc 
comnbute to the backgrourtd s.^a^^ ofS^ 
•tnstrument. and must, for highest ,slnsitiv?ty be 
minimized. Fortunately the overall design of such 
instruments permits .the: photomultiplif" photo^ 
cathode :to- be of ver>' smairarea- so that thU 

Srt: '°'^ of b^kground noise is no on^ 
Snw "" ^%"PP^.»ed »o «duce in relative 
nnponance with future ^improvement in photo- 

.r.S i Meanwhile current instruments 

^J;^-^dy display verj' high sensitivity of detection 
of fluorescent signals, for example, the confocal 
microscope manufadtured by- Zeiss is claimedTo 

about 'ten'°"'; ^TT/'"^'' nuor.sJ^ of 
rnmi ^^'^'^m'^^^''" (Pioem, 1986). Most 
commercially available. FITC-labelled IgG attains 
a fluorophore/protein molar ratio of -^l thus the 

HTCtb^^h^ fr^' ^^'^ micro" 
2-3 FITC-labelled IgG molecules/um^ This 

aJ.uml rK f°r.a two-site assay, 

assuming the same parameter, values as used in 
ine examples discussed above or 2 4 x in* 
mole^ules/ml using a 'sensing' antibody of affinity 

p=H/"t°'*'"u'°'"fl^'^*''^ instrument is the Bio- 
Rad/Lasersharp laser scanning confocal micro- 
scope, which we are currently using in th^ 

mrhnS'"' °^ 'ratiometriC multi-analyte assaj 
me hodology m accordance with the principles 

this system possesses two excitation lines at 488 
and 514 nm. It is thus particularly efficient for the 

such' r F^ircrtT "--pC: 

SUCH as FITC (which disp ays an excitation 
max,n,um at 492 nm). However,' it is conside aSC 
less efficient in the excitation of red-emittini 
fluorophores such as Texas red (excitatior,^ax? 
.mum 596 nm). However, the ratiometric im- 
munoassay principle permits considerable varia- 
tion in detection efficiencies of the two labels 
relied on since inier alia, the specific activities of 

antibody couplets can be chosen to yield optimal 
signa, ratios in the region of Lity 
meff ciency of the argon laser in exciting red 
emitting fluorophores is not necessarily a major 
handicap in the present context. 

Though the current Lasersharp instrument 
nur^L^H jnicroscope rather than a 

purpose-designed optical system (and appears to 
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Figure 13. Duakhannel confocal fluorescence mirrr,..„ 
permitting sinnultaneous measurernent of thrfl^or«^f 
signals from two fluorophors situated at he foiST 
scanning the antibody arrav the r^wi c ! ■ ! 
antibody microspot may S'deterrSied ^ ' 

be less sensitive), it permits quantification of 
fluorescence signals generated frSm m crosDots of 
selected area. Initial studies have rSd .15 
under conditions that are not necessarily op, im ' 
the mstrument is capable of detecino Z""^'' 
imately twenty-five FjVlabeJIedSoK's; 
fxni^ scannmg an area of -50 (FriS) h 
must be stressed that neither of these confL 
microscopes are designed specifica fy fo^^^^^^^^^^^^ 
ratiometnc multi-anajyte immunoasLy use 
>t can be anticipated that future tmtrum.n. 
constructed specifically for this pu;^ose a e S 
to prove both cheaper and more sensitive ^ 

Other instruments. The MPM 200 Microscooe 
Photometer manufactured by Zeiss of West 



Solid antibody supports. On the ba«:i. nf .k- 
analyte immunoassay use shouKill 

M-e 3:r?S 

these criteria in mind. White Dvnatech MTr 

been^ provisionally used in our 'dV^eli'p'riS 

Surface density of antibody coatinp Pr^i;,„- 

^eajed that it is poss ble to rnat tK^ ^ 

antibody at a surfac'e density of at least 5 x"'? 
IgG molecules/nm= (Fig. ]5)'Moreover neariv aU 
ant.body molecules so deposited appear to reLin 
immunological activity (Fig 16) 



cent O Taliometric' imunoassay con- 

cept. Our primary intention, in initial studies 
been establishment of the basic conditions whiJS 

can be antiHnoto/4 
on theoretical grounds to yield hiah , 
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Figure 16. Surface density of immunoreactive IgG molecules (number of molecules/^m*). plotted as a function of the total 
surface density of IgG (number of molecules/(im*) on Dynatech lyiicrofluor white microtitre. plates . • 



thought it useful. to confirm the validity of our 
general concepts by comparing the performance 
of certain assays when constructed in microspot 
format and when conventionally designed. For 
example, we have compared a dual-labelled 
tumour necrosis factor (TNF) ratiometric assay 
system using Texas red and FITC-labelled , anti- 
bodies with an optimized IRMA system using 
identical antibodies but with the second antibody 
*^^Mabelled. Although unoptimized, ^ the 
ratiometric microspot assay yielded formal sensi- 
tivity values closely approaching that of the 
conventional, optimized, IRMA. Although 
verifying the general concepts underlying 
ratiometric microspot immunoassay methodolo- 
gy, further work is required to achieve the 
considerably greater sensitivity that theory pre- 
dicts as achievable using optimized reagent 
concentrations and improved instrumentation. 



CONCLUSION 

As indicated above, differentiation of the fluores- 
cent signals yielded by two fluorophores can be 
readily achieved solely on the basis of wavelength 
differences, and this approach has been relied on 
entirely in our preliminary studies. However, 



other physical techniques exploiting differences in 
decay time of two or more fluorescence emissions 
(using, for example,' a' pulsed or sinusoidally 
modulated laser source, and time- or phase- 
resolving detectors) are available, and can be 
expected both to funher reduce background and 
to improve signal resolution, thus increasing assay 
sensitivity and precision. These considerations 
aside, the basic technology involved closely 
resembles that employed in domestic compact, 
disk recorders and other similar data-storage 
devices, the obvious difference being that light 
emitted from each of the discrete zones forming 
the antibody-array is fluorescent rather than 
reflected, and yields chemical rather than physical 
information. Indeed, our preliminary studies 
suggest that highly sensitive immunoassays using 
antibody microspots of surface area approximat- 
ing 50 ^m^ are achievable, implying that some 
2,000.000 different immunoassays could, in prin- 
ciple, be accommodated on a surface area of 
1 cm^. Though non-specific binding of a multiplic- 
ity of developing antibodies would probably 
prohibit the use of antibody arrays of this order, it 
is evident that the technology is capable of 
encompassing analyte numbers of the kind likely 
to be useful in practice. 

The development of multi-analyte assay sys- 
tems of this kind can be anticipated to bring aboiit 
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fundamental changes in medical diagnosis arid 

:,many other- biologically^ jeiated areas. Systems 
capable of -measuring every hormoh arid other 
endocrinplogically related substance within ' a 
single; small sample of blood iire within technolo- 
gical reach, ppviding data which, when analysed 

i,with the aid of cpmpuier-6ased *expeirt' pattem- 
recognitioh systems, are likely to reveal endbc^' 
rine. : deficiences only dimly perceived using 
current Vsingle-arialyte' diagnostic procedures. 

. Such .systems also provide a rneans to Hit 
development of a,*rand6m access' irhmunoassay 
methodology, permitting the selection of ^any 
.desired test, or cpmbination of tests from an 
extensive analyte menu. Clearly the accommoda- 
tion of a wide rangie of individual immunoassays 
on a small. . immunoprobe '(comparable in its 

. overall physical, dimensions with a few drops of 
blood) is likely to totally transform the logistics of 
immunodiagnostic testirig, and genuinely repre- 
sents, in our view, 'next generation' immunoassay 
methodology. 

< i 
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Throughout *»e1070s,' .controvefsy cente^ boih on im- 
nwruassay •'sensltivlty-..per se and on the relative ieh^- 
tnjtles of labeled antibody (Ab) and labeled analyle meth- 
ods. Our theoretical studies revealed that RIA sensitivities 
could be suipassed only by the use.of very .high^spedfic- 
adjvity nonisotopic labels 'in. "noncompetitive- designs ' 
preferably with monodonal antibodies. -The tim^reso^ed ' 
fluorescence methodology iuiown as OELFiA-develobed in 
collaboration with UfflWallatS-represented the. first am- 
mercial "ultrasensitive- nonisotopic technique based on 
these theoretical insights. the same concepts being sub- 
sequently adopted in comparable methodologies relying 
on the use of chemilunfiinescent and erayme labels Hem- 
ever, iiigh-specffic-adwity labels also permit the develop- 
mem of "multianalyteMmmunoassay systems comt)ininQ 
ultrasensltivify with the sirrwltaneous measurem^^^^ 
hundreds, or thousands of analytes in. a small biologicai 
sample. This possibUlty relies on simple, albeit hitSno- . 
unexploited. physicochemical concepts. The first is that aJI 

immunoassays rely on the measurement of Ab occupancy ' 
by analyte. The second is that, provided the Ab concentra- 
tion used is -Vanishingty small." fractional Ab occupancy is 

independent of both Ab concentration and sample volume 
This leads to the notion of "ratiometric" immunoassay" 
involving measurement of the ratio of signals (e.g., fluores- 
cent senate) emitted by two labeled Abs. th^ first (a 
sensor* Ab) deposited as a mioospot on a solid support, 
the second (a "developing". Ab) directed against either 

cxwjpied or unoccupied binding sites of the sensor Ab Our 
prefiminary studies of this approach have relied on a 
duakchannel scanning-laser confocal microscope, pennit- 
tmg microspots of area 1 00 ^m* or less to be Analyzed 
and iniplying that an anay of 10« Ab^ontaining microspots* 
each directed against a different analyte. could, in princi^ 
pie, be accommodated on an area of 1 cm». Although 
measurement of such analyte numbers is unfikeiy ever to 
be required, the ability to analyze biological fluids for a wide 
spectwrn of analytes is likely to transfonn immunodiagnos- 
tics in the next decade. a 'w» 
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: ana unpartahee-^have derived priibarOy 

■ stwrtura] specifidty of many reactions be- 

Ijreen binding proteins and anaJytes and the detectabfl.; 
,,»ty ^f i8ot^ically labeled reagents, the latter endowimr 
. such techniques with ^qnisite sensiti^^^ 

however, interest has increasingly focused on • nonSh 
■ ^P*'i^'J°«-bMed on identical analytical prind/ 
. pies, differing only in the nature of the marker ikaed to 

' A^^^ "^^ "^^y whose 
J^^Jubon between reacted, rbound") and unreacted 

, liree°) fracdonfl constituteB the assay "xespcmBe " 
. . The basic aims underlying this interest on be 
tmjadly clasBed under four main-headings: 

• avoidance of the environmental, legal, economic, and 
practical disadvantages of isotopic techniquM (e.g lim- 
ited dielf life of iflbtopically labeled reagents, problems" 
of radioacbve waste disposal, cost and complexity of 
radioisotope counting equipment), particularly thow 

tt^pedmg the development of, for example, simple diag- 
nostic kits^r home or doctor's office use; • - „ , 

• achievement of greaier aasay-Benaitiyity; ' 
•"direct" measurement of analyte concentrationfl W 

use of transducer-based "immunosensorB"- , ' 

^•Bimultaneoua measurement , of inultiple analytes 
Cmultianalyte assay"). 

this ^esentation i will focus primarily on the last 
of these olgectives. using this to set out the principles 
underlj^ our present attempts to develop a new 
latunzed technology that will permit the simultaneous 
measurement of an unlimited number of analytes in a 
small biological sample such as a single drop of blood. ' 
However, retention (and. if possible, improvement) of 
tbe high sensitivities of conventional iaotopic tech- 
mquM IS a basic aim not only of our own studies in this 
area but also of most other endeavors falling under the 
above headings. It is therefore appropriate te prefaee 
this paper with a discussion of the general principles 
underlying the attainment of high binding-assay s^. 



Addltten^ tCeyphrwet: ««iwn»i* irnmunoass8>9 • seam^ 

Inununoassay and other protein-binding assay meth- 
ods based on the use of radioisotopic labels have played 
a m^or role m medicine during the past three decades 
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Immunoassay Senslthflty: Some Basic Concepts 
Definition of Assay Sensitivity 

need to establish assay conditions yielding max- 
imal sensitvity underlay the independent constnidaon 
of mathematical theories of immunoassay design by 
both Yalow and Berson (J) and Ekins et al. C2) Si Z 
course of the ongmal development of these methods in 

early 1960s. Regrettably, these theoretical studies 

Irf to a prolonged controversy, arising largely from the 
conflicting concepts of "sensiUvity" adopted by the two 
groups (see Figure 1). Briefly. Berson «d yjS;^ 
their many I«.bhcabons relating to immmioassay de- 
sign (e.g;. 1. 3), defined sensitivity as the slope of the 
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RO. 1 . 1H» dftorino oonoepte of sensttK^lt/ arid precision underiying 
radnimniunoassay design theories developed by [left] Yalow arS 

■. Yaltt*. iira B«non..(|i|flrw isMy A m, mm wnsMv. beciu»it ywlds i 
, rMpoiiM CUM* of gnwtv itapa: eUmtAOtfrn auay B u mm 

_ , . . , ' - 1...- - >v. ^ 

response curve relating^ tbe ft»etion or^^p of 
labeled antiges bound (b) to analyte cbncentrBtion ((HD. 
In contrast, Ekma et al. (tjg., 2. 4) defined sensilEiyity as ^ 
the (im)preciaioD of measurement of zero' dose; this 
quanti^ being indicative of, and essentially equivalent 
to, the lower limit of detection. 

The key difference between these two definitions- 
clearly . lies in the dependence of the assay detection 
limit on the error (impredsion) in the: measurement of 
the response variable. By neglecting this crucial factw 
the "re^nse curve slope" definition leads to many 
obvious absurdities. For example, plotting conventional 
RIA data is terms of the response metameter (i.e. 
the bound to free ratio) suggests that assay "sensitivity' 
is inenaaed by increasing the antibody concentration in • 
the system; however, the converse conclusion is reached 
if identical data are plotted in terms of F/B' (see Figure 
2). Observation of the shape and slopes of response 
curves without detailed error analysis thus constitutes a 
totaDy misleading guide to optimal immunoassay de- 
sign. This approach has, however, characterized many 
of the studies conducted in the immunoassay field dur- 
ing the past 30 years, and has been the source of much 




Response curve slope Detection limit 



RB- 2. Schematic representation of RIA dose-reSponse curves 
^ ^ "^l 'w.sntibpdy concentfations plotted in terms of 

(tefl) ihfl frea/bound fratAon (PyB): {center) the bound/free fraction 

(B/F) 

N«e thsl the Im trtSMf eoncwwrion yields • rwponM curve of creaiar 

T^.*^ In f«n. Of B/F. Tho procielon of m^mm ji^ 
'J^^ *• mdtpondtnt ol lh« eoorttmalt innm uMd to plot ttf y dat* (i 
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oythdt»Dr. For exaaiple. coaaideratioB of the Uw of 
Mass ActwnT^ when tesponae curves corn>. 
spondmg to different antibody cmcentratians are nlot- 
Uriinte™ofbv.IH]..the^ma^ 
js obtamed for a concentration of QJSIK iwhm K is the 
affinity constant), in which ciraanrtanee the ttxo dose 
respona? (ho^is 33*. 1^ conclusim led to Bemm and 
^^f^°*i en^lion of ^ wenikhown dictum (whiti 
albe^aronwtiB, w broaay aiDiet^ to by many Wmi^ 
noassay practitioners and kit manufactuiwa) that, to 
. TnarimiTf MA sensitivity, the amount of antibody to uae 
in the system is that which binds 33* of labeled antigen 
in- the absence of unlabeled antigen (i.Sl . \ . . . , 
: 'Disagreement • regarding the concept of sensitivity 
mevitably led to prolonged dispute . reganiing immu- 
noassay design 16). However, although it is still common 
ttf tricotmtln- publications in the field that rely solely on 
the response curve slope as a measure (^sensitivity, the 
assay detntion limit is now widdy accepted as the only 
vahd indicator of this parameter, and vre do not there- 
fore intend to dwell further on this issiie here- It is 
nevertheless relevant to an understanding of the "min- 
iaturised" assay methodoloQr described below to enqiha. 
size that untenable concepts of. both sensitiyity and 
precision underlie many of the commonly accepted rules 
governing current immunoassay-design practice, some 

Evened in our own app mar^^ . ] 
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Basic Immunoassay Designs - ' 

It is likewise important in the present context to 
comprehend the basis of the various types of immunoas- 
says currently in use, snd the constraints on the sensi- 
tivities of which they are potentiaDy capable. The radio- 
immunoassay and analogous protein'-binding assay 
techniques originaDy developed for the measurement of 
insulin by Yalow and Berson (6), and of thyroxin and 
vitamin B,2 by Ekins and Barakat 17. 8), relied on the 
use of a labeled analyte marker to reveal the praducto of 
the binding reactions between analyte and binder (Fig- 
ure 3, left). Hiis approach has subsequently often been 
portrayed as relying on "competition" between labeled 
and unlabeled analyte molecules for a limited number of 
protein-binding sites, such assays being frequently re- 
ferred to as "competitive." 

Subsequently, Wide et al. in Sweden (9), foUowed 
shortly by Miles and Hales in the (10), developed 
labeled antibody methods (Figure 3, right). These meth- 
ods represented an extension of the "labeled reagent" 
methods (utiliang radiolabeled orgsnic compounds such 
as Mabeled p-iodosulfonyl chloride, (^HJacetic anhy- 
dride, and other similar reagente) devised, during the 
ewrly 1960a. by Keston et al. (J J), Avivi et al. U2), and 
others for quantifying amino adds, steroid and thyroid 
hormones, ete. Although radiolabeled antibody methods 
(immunoradiometric assays; irmas) were originally 
claimed (15) to be more sensitive than methods based on 
the use of radiolabeled analyte, these claims were sup- 
ported by neither rigorous theoretical analysis nor per- 
suasive experimental evidence, and for some time re- 
mained controversial. Further doubt on their validity 
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St^'S^'? "^anfiboi (/S/i assay 

»w opiimti anUbedy coneMtfanT^^M^rSf^^l^ ^ binding maciipn. 
WWiy When the bound fr^nteSi^inS"^''^ 



njj. for want Of a better t«m. 
•ebtive," although tt iaiist S 

«^ « the j,m«t eont«L ladeed. u SSSbLw 

asays may be subcIasaifiedltoS^ 

ladled h^agenttf any Jdnd«iBvSt2^ 
However, the cateeDnzatinn «#• • 

other bihdine.a«6avrLmm\-«5„'^ 

assay ^nsitiyity.dtseif obscure,. ti^underlv 
mg reasons for the eastence of 'this^^S^^S 
desiga?.:an4'nuiy.thu8..U:iniil^^^^ 

such assays are portrayed differenuT^ tSSS^ 

aiy presentation.;;. T v — 



The -Artit>ody Obcu^ncy PHiuiple" of- linmbnoaisay ■ ^ ^ 

aMJyte present in the mixture Thi* n^t^w-- • * 
iininediately fi^m the I^Sm^,^^^'^ 
written - ^^''oijviaMAcbon, which can be 

lAbAgJ/IfAb] =i[fAgJ ; ' r : ^ (1) 
b^*^""^ °^ "'^^'^y binding sitaa. 

[AbAgJ/IAb] = KfiAgWl + KTlAgD q) 

where [AhAg], [Ab], [tAh], and [lAri rem«««f \u 
concentrations (at equilibri^) of l!SS an^ 

nve y, and ^ = equihbnum constant Hie Lal^Z 
toBbon of free analyte generally depend^on^ ^ 
tretiona of both total analyte and m«»wS^u ""^^ 
when antibody appro^^;^ o"S/^5 ^ 

eTii^^^""''^!^^ concentrations dS n^dSS 
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Jira^ ^ pubhcat,on by RodbanJ and Weiss in 

that both labeled analyte and labeled antibody^Td! 
possessed essent^y equal Bensitivities;^^^^^ 
auth^suggestedthatiRMAsmightbe 

t jT^J^ '^.r^y^^^^ ^^ radioioS^ 
m«Tporat.^ ato the antigen molecule was resSS 
conversely, these assays would be less sensitive fonS 
mejsum^t of antigens of higb molecular mlflit. 
aihd^, despite the appearance of this pub]™ML^SL 
belief that labeled antibody methods o«« ^ f^J? 

an^methods gamed wide aco^am"^ S 

The, reason for confusion on this issue is th.f ♦k^ 
^ter potential aensitivi^ of c^^A^ts^i^^ 
Mt«apy a consequence of the labeling oflntiSy iS- 

the -a^t anShe^ 
between labeled-analyte and labeled-antibody meS 
diverts attention from the tme reasons underiS^^S 
superior sensitivity of certain assay desiaM Tl.f^« , 
^yais (s^. e.g 4 IS) reveals CSi^ ^S 
feet- separation of the products of the bindSrLJ^ 
(i.e.. no misdassification of bound and fi«^S*r^f^J^ 

>ty) m a labeled aiudyte immunoaasav^n^vw T' 

pennon which labeled-antibody fricUon^ melSiS 

measured, the optimal concentration also tend»4o xerBr 
«nvei«ly, if the anaJyte-bound fraction iTo^' 
the concentration tends to infinity. In short of the four 
b^c measurement strategies avdlable-lawS i^^f 
lyte. with measurement of free or bound reartion Jt^ 
urt^ and labeled antibody. ah« with me^"^ 

u-e of anbbodv concentrations aooroachine inL^ 



{AbAgJ/IAb] = KIAgVd 4 K(Ag]) 



(8) 

Assays utilizing this concept have been termed -a» 
All immunoassays essentialiy denend 
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on the mm aSboiy) amy be uLdeT^^ ^ 

says, tbe labeled antibodv Ha^lf i^r.^;4^ a ■ ^ 

S^bodr. after reactiont^iJ^^i^^^ 

body may be aepamted into ^J^^ "^"h 

?nmg antigen, antigen aijog crSti 

body linked to a «>MsyJwS {^^^^ 

"signal- emitted by lab^K't,Xj?I'^**°^' 

ae.. the -occnpied- ^^"^^^^^S* 

. a«ay can be classed a« -^oncomSti^tW^ 
one meaeuwa the labeled antibodv^ t ^^^^V''^ 
fi.e.. that attached fi^^Z^.'T:!^ 
assay is "competitive.'' "™™«»«>raant), then the 

Two-nte "sandwich" aesava ««. i 
because they rely on t^^^^t^Z'U'^''^ 
ered fitmj two points of view fST,. ^ 

antibody, with the l^ed anSbSl^fhW^"*''^ 

dassedTrnZS^- '""^ 

Hese considcrationfl emphasize fKo* j ir 

co-pebf,. ..rtM. « SlS^ 
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on whether a ^bLIfgL^SS^^^T^ 

detenninatioHf ^rLl^''''^'*^'"*'*^ ^ 
concentration required to minimize the^rtT^f 

^^C^^E:'sSZ^:'''^ inunu^oassay. can 
^thAyj^ Of aasays. both the afcjfy 

iadudiM the elili^l^ operehoiu, but Mt 
we statistical sigiaj measumnent ermr 
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Be] w of key is^Mrtonce in detenniaing >»t«ntial- 
MMy senaitivity O-e.. the eeudtivily obtained by asram. 
ing the specific activity of the label to be infinite 
implying zero eiror in signal meaBurement). Thm the' 
potentinl ecngitivity of a competitiye assay can be 
shown to be cjJK^ whereas that of a noncompetitive 
assay is given V : WAbJSBo, #here. in thfutt^ 
case, Ro^tt 8S8«ffiied to represent the labeled antibody 
nusclasaified as boundObAbU commonly referred toss 
nonspeafically bound" antibody. Thiu AM - f 
fraction ctf labelad ant^^ Lt is^^J^ 
bound and Roa8,/lAbirao » ta^. AsSgS 
the relative error (oj^/Ro) in the meaaurement of the 
*M«|jMej^^ M approximately identical for both 
eompetitave and noncompetitive asBays. it is evidwt 
from thi. .nn^ a^y^s that the potential eenaSSty 
rfnwicomprtibve methods is greater than that of «m^ 

^- - >y the fri^S^f 

labeled antibody that "Wpecifically bouni-* 
example, if the nonspeafically bound fraction is 0 01% 
a noncompetitive strat^ , is potentially capable of a 
^nartndty 10 000-fold greater than thai of r«,h,«ti 
bve approach, other factors being equal 

These findings are summarized in Figure 6 (left) 
whiA shows the relationships between s^^ty («. 
pressed m terms of molecules per milUlit«) aTd an" ' 
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body affinity in an optimised , competitive n*h«i^ 
lyte)aB8ay.Porthisamdysi«..weaaS«?S!^ 

ati^^::^^^^*^'-^^^ 

for 1 mia. Coaputetions of-the theoi^Sv'S^^ 
««ent ^ncentratipiis W whiA^^^^ 
-«nted. in,FW J:rely).we^ bi^ 

a^ptioiis that (c):.the radioactivity of the^i^SS? 
bound,labeled.analyte fraction was cL^aS?J2^ 
(rektive) "«perimental em,r^.<imponenrinS 
J^ent 6f the. bound PBi^on (c'^)^ls-i^^ 

these assuppfaomi. , the >tentid-^wnativif *aS 
able m such anasaav » « /ri. vTV™* 
rftr,r4-«i ? where JT is the affinity 

constant of the antibody. [For example if the SS ' 
constant is 10" Ltaol. and oJb isO Oiri ftVt, • ^ 
assay sensitivity is lO'^^Am M i " vS^' maximal, 
mT iTk jj^. ' "ol^ « *6 Jc,io« moleculei/ 

mLJThe additional ""ignaJ measurement emir- Si 
m coi^equence^of coimting: radioactive:^^ 
finite time mphes a loss of assay. semativity^sS^. ^ 

S '^^'^ -nan. f„: w: , 

antibod?L^^aSm-t^^<lo^i:i^ 
t>i. Bc..^^ «*™jHe8<;jo li'Wl. in other words, if 

«^ J^fi ^ individual sample coStf 

timw of W mm. littie improvement in LmritiSS^ ' 

^TS/^"** ? '^y') » which ^eyt^ : 

of '«iativeiy .loagsLs: 

Tie other main conclusions 6tenimin« fit»m auA- - ' 
amdysis are the importance ofhoS^^^^^ 

F^»"1 a»tibodies^?SSS^ 
amnity. For example, an increase in oJb toS% inmSf 

an approximate threefold loss in sen^tiWtv nSSS! 

preach, irrespective of the JZ^i^e l^r^^^ 

liT^V"""^*" ?^ " °f Bensitivity 

i^^i"^)'^^^ *° noncompetitive (two^te) as^S 

CTJTves are portrayed here, corresponding to the assumn! 
tions of 1% and 0.01% nonspeSsc ST^SSS 
^'^e^^' "P^^tiWy flibstrate. Such ana]. 

^y^eZ conclusions relevant^ 

a«ay design. e.g.. the crucial importance of nA»^^ 
nonspecific binding of labeled antiwS 2 
mimmum. Purthennore. if nonsp^ bLS«S^!? 
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. hfrauti an aatOwfy of ^ . io« Unofiii « -ia 
uaportant oonduBions is that the^^S^ 

are combined witli 1»i»k ^PP^*^ when they 

n>ent (iiutiated aiSfS^e^^S,^^^^^^ 
•uf.ct««rIJffiAVdkcofti:^^ 
umminoaaaay methodoloey now 1^ fluoroiaetric 
m This methodology SS;rN,^l?°^ 

adopted by nany oS^^J^ subsequently been 
Againrt this backenwini* 



4^' 




. '1 



, ««noaoJogy ia detail i.».«*k v . 

™ay ayHtema that unlike ^ ~ V ««»cnbe 

Pte voluBtt and oftheaS^SS^^. 
I»B6ibility of developi^?S 
^^wofMas,Actioi^^t.^^/^J^fi^ : 
representing the fnrtiJ^ following equa- 



AmWenl Analyte Immunoassay 

Particular attention has been l 
fPedou. notion that an ^tib^ ^^^r^'"'' *^ 

conventional labeled-antitenlSS^ wnsitivity of 
unplidtly overtun«dS t£d^S»?? Wo-ition is 
inmiunoassayB. which we^'te/,^f*P°*" 
a new generation of bindi^y\^'2:S:. ^ t'SS^ 

SpedflcMfvity 

^J^^.-vemi-r second pe, 

7J X io« labeled rto(eculBs 
Determined by enzyme "amplifica- 



lasi 

Enzyme label 

Chemiluminesqent label 
^uoreaoent label 



.. ... . . .. : — . - <4) 

Where. fAn] - .analyteWentriHo^^ 
. concentr>jtion:(both in^uaita i^l^^'^^^ 

anS^yx^nSn^SS^"*^ "''^^ ^'««>-» that, for 

whiA the. fractional ocJLZJTJ^ » 
"monoclonal-, anti^y^ffiTai^.^r^^ 
vanous analyte coiii*ntJi^. , ^ the presence of 

I« than (say) 0.01/intS SS^b^Sf 
essentially, being couplS^^^ ^^^^^^^ 
to .anal3^e^taiiS?mJiJS?\1^ • 
tional) occupancy of anti Wv^P '«««ltfnff (frac 
fleets the aiS^ c^SJ*^ "**?. *^ 
independent^of S SJ?"^^/^ ^ » 

b^fdag-aite concent,Si;h of OOl/JT^ ' " ""^^^y 
10-". niol/L. or 6.02 x m-'h.^A- -^''^*' ^-^^ ^ 

lyte in the medium buj^^r ^^^^x^-nd) ana- 
sniall, the resultinij i«ducti^Jf!u^ "T*""* " 

<0.01/ff, anaJyte deBlp«/.T. ;^ *™«>f antibodies is 
and -^.iSr^^c;-^^^^^^^ 

Thu.. frwtioMl oecup«ey wrvltS " ^ '*°«0"i«>Bl«») unit 
cal for ai/ antibodies tf u2 ^rf iT^ * •« 

antibodjf with an aflSnity ono^j "«<«»t™tioBi of u 

'Jth an affinity ofTo]SuO^:,i? I'^^^^tnOb^ 
^ onOF 1/n.ol. ei^iiL'3°^«f«anUT)«fywithM 

Toe tens "ambieaf ia tuM • j. 

sitea are exposed, aot the aaouat of «!!f,^? biadiaf 
» uie system is iadepeadent of 

^*^ple vohim * tube; 
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lua number of biiaiMrii^' t^ .„ 
that the ratio of o«b«S f^^^^^ tkejwwption 



Antibody eonctn^ttofi 



Y-o* •« B«Sr("jj " with the prK«ptte( 

. • . ' • . ! . ... t 

*- 

dent of flample volume 




■ fi '- MeiS^v iT' ""^ ' •"""i epitope 

different naSto^^^^ 

opted scanning techniques (FW 9MW ^^♦i? 
"canning of amyB of anrikJ, ' ^ Ponatthe 

over* «»TflZ^ V . '**^y>"cn»spot8" diatributed 
over a surface (each microspot dirert*dV»«i«-« 
ent anaJvte) aa fW «„.u^^ 7^ differ. 
Mrforrlc^- u " multiple analyte aaaavB mav h« 
perfonaed suaultaneously on the same aamjlc. &ve«J ^ 



1 -.^ 



*• ^ Is-: 



*nh MtM«tMVpic Aft' 




Non-competlttvf assay 



Competitive assay 



r mmmvj 

fi» Mlorospol InununottatBy; (iBfi\ fir At • 
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FiB. 9. Basic principis of duaJ-laiMi amKu^ 

♦ » * * * * * 

: : • advantage steni froi adoptittf a a 
' , measumnek For example Sjt^^J'"''^'''' 

. field of view is m^^^^'^^^'^^'s 

tages are additional to the bSS^^** 
thia app«ach. ie, thatlL «e^;^^^ 

i 'rtancy of the ainount of seiiS^S^ 

MsayiO^em is removed! ""'•Wy used in the 

Microspot Immunoassay SensiUviiy 

approach is obvSiVrfl^SlSi^ 
osition that mic«spi.a^^;*^n?W^ P«P- 

t,ve as coBventioiud^yst^XtTeS oT^i"*^^^ 
«»«fflt8 of antibody may reaiK^J? ^ 

coiurideratioD of a liST^'^li^^-^^ 

sensor antibody moleculea^eaSa^^rt^ 
a solid support sucb that^IrS^^'"*'**^ 
exposed to the analyte. and^t ti^ffi *!1 

tion in the ^L^S^^^^^^!^^- 

at equilibriums ^ ^y*» 

antibody ia^S^^t^^^^l 
bation 4rtwlTut1i^^^ throughout the incu- 

-face dezS^ortJe'^^'S ^^'^^^ 

l^mol. the tSi tuSS^'vo&l^^ 
antibodysurfs^densityiseOoSt^iili^S:^?''^^ 
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a niriace area oflo»MB« a.t^ o i «»a^ 

fration of O.OMr. etc Let uJLSSl^! 
ing analyti at a^^^^^^ ! Obtain. 

^«ulti^fibciy^^^,^^^ the «. 
: ODd. labeH ^leveW^Ji, *«> a tec 

let iT^u&ult^,^ WHlwi^ 

«^m1l^.:^r^^^ 
We may now confiidw- the effo^. ^ 

areais■l99•^^T^1'*!^^?7^«"y bound to the 

molecules w^tV^K "^^^^ total. analyte 
tibody' 

a8«uming the field of ^STSSedpSir fi?' ^h"-. 
restricted to the ax«?r^ S?*^^?^«»*i» 

deposited (see PigS7lS)^l^-^^^^ » 
the background KS^^^^k!^*^^ assuming 
(i.e.ftiToffylo^^^^it'f'*^ 

«uy source of background is the non- 




I. fiCJO Of wifw 



o»cr*ut«: v*a of ani^ah a^.. V" 




01 v«« cooHw,; trot et amooov o«o«-. 







••P«»«>« oteuMt: S,-8 latu 

"fl. 10. Capture" aniitMHx iriw • 

rsftacterf) areas; the fieWrt vi^ rt',^??^ W«ed on cireutar 
« represented by s^l^'l^^S^''^'^ 



s5 



1 

I 



- 4. .. . • ^ <^f°*?*<*7".l .ON, SERVICE 

- .. .. ^ . . , .- . ' f . 



r(WED) , 2. 1 9' 03 11. qtj ✓e-r . 



14 



f 

.V 

:1. 



ipocificiil]^' 

vmeafB fidd tf view), the «gwdAi^»tiJ^^^fiI! 
the 1 inm* *mi i, -SO. Smjilarly, the value of Pfir . 0.1 
wj^ area « 8.02rx IQ-'i-th. nyinber ^labeJed aati^ 
body molecules specifically biund to the am is 6.41 k 
ttj number ncmspedfieally ti^d is 10». a«J the 
"T^^nf^" H -64; likewiie. the dgnal/i«i.e 

ratio fat a 0.01 mm^ area can be shown to be -59 In 
■hort, the signal/noise ratio increaaes as the antibodv- 
eoated surface ai«a i. decrea-ed. approaching a ia^. 

^;iS??!f IS"* ^ with 

w« " "tibodycoated •«« 

Z^i^l^'"^^ eduction in 

the detecting uurtnimenfa field of view, the 

re^ctwn in -signal" would not lead to a con^S 

d««««e m the background gene«ted by nonS 

f^^"i?L^°,'*'°° iB the coated an« would^ 
the frachoniJ *ecup«,ey of the sensor antibody, 
rae ^gnai^ ratio nught either remain constant or 
fcB^these circumstances it might be advantagwus to 
increase the coated area. Similarly, if the «urff«L? 

♦li^Jf!!?' ^ »>«*gnmnd signal generated within 
fte detecting instrument itaelf (e^.. ^ the 

tube used to deJT^ 
^tted finm the antibody<oated area) were 
Md remamed constent regardless of the instnl^' 

also be attamed at some optimal value of A« ««Jk!i. 
»ated area, below whi^rSi^t^? ^ 
^1^' 5«» 8««»ny reduce the size of the 
(and hence the detectowmted bad«gwund) atA^ 
same rate as the sixe of the algnal-emitSjIJ^ thLlJ 

as Ae.antibody<oatod am is pr^reariveS 
reduced towari aero. TboB if we.aaept the'^riSS 

S^S^ sensiti^JsS: 
WMe cwsjderations suggest that it is advantaaeoiui to 
reduce the antibody^ted suiiace area (^^^ ^ 

wthough litUe advantage ia likely to atxru. 

«V the a«a below oT mm«7i^ ST^^ISJl* 
wncentrttion below 0.0130. 

Wwe tl» microapot area indeed reduced toxero botK 
«^ and ndse would likewise also S te^ 
rttio between them nevertbeleas remaining «iSi^ 

"™'» recorded. Jn practice, other statistical 

^ts (e.g.. lAotons) observed by a detecting instru^ 

whi^ the rjhiion in the SSbSy^Sted'^ia^^^* 
ft- A^^^U. t„ be lost miffidentlv to aff^^ 



--i^-. iir« labels of very high^SSS^ 
.<;^;«J^^on drruastences in wld^W^' 
. "n«»Bpetibve- sy8tem.;the optima] coneentrati«« «r 
^ antibody may be exceeSrCr.^^ 

^S?" 1*^ iiOrtnmient, used for i^^S^^ 
the labeled antibody (or labeled analyte), iSS2 
^unoassayd^.in^,yi^,^i^^^'^j^^ 

^^|«saibility of formulating generJS^ 
^rd^ th« For example, reagent concent^itions that 
are opbmal for isotopically labeled reagento used witha 

a^^tylabelsareu.edand««h«thelLdS^SX 
Aemeasunng imrtrument to samples of any aize. In 

short certam condusions based on expericnw 

and IRM. techni ques may pn^e misSS^ll^ 

Jliwed^ti^S^ methodologies, and'^d^d £ 
P^v^microspot immunoassay sensitivity (22) sug. 

X [(6 X ip»Hl + [Ab*])]/i)JClAb«) (6) 



^SL^v V"^*" (binding sii^^ of aen«» 

antibody. K = sensor antibody aflSnity (Uaol) TAh?- 
«»ncent,t^on of labeled antibiy in deviS 
^Bsedmunitaof lyjf.. wherelT* - labeWhSSS 

w laDeicd antibody (moleculea/iun*) and r » 
detection limit (-oleculea/niL). 
1.2) - 10«moleculea/;mi« JiT - 10" UnoKi^ ^ Z 
20 moleculea/iun*. then C , « 9 ^ v 3 " 
• 4 V in-i6 1,; ^ 10^ moleculea/taiL 

t^ST'^T'^''' of and'^^t O^t SSS; n 
shows the theoretical assay sensitivities attaiaaS!wiA 

A similar theoretical anaJyrie of competitive nd«w 
spot immmioassay indicates that potentid se^J^S^ 

I^b^°*^^ 'i?^"^ *° attainable ^St cS^ 
v«t,omU compebfave methodologies. In summiui 
a|«ve consuleratiomi indicate that the ISSt^ 

area, combined with the use of « ^ 
accurately measuring veiy low surface densities of de- 

veloping antibodies, l^ey also suggest i^i^Z^ 
spot assay sensitivities eonsiderab^^'tSLl^ 

noaawys are achievable, and (6) if labels of vervwi 
specific activity are available, the sensiSvS^'lSewS 
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'O^ siicrospcyt aAMv« 

»t™mente used) couJd bHI^fT" aeasurii,^ in. 

a«n. of coaventionaJ de- 

Rnally, we briefly address a f^nu 
«onaUy raised in thia conS. if^f l!?"*"*^'" 
tensbcs of niicrospot aaaayTlvi* , 
regarding this issue. RrSVKV^lf^f "^'^ made 

the velocity of t£ SiSiS^Sf^?'?. "^"t^oa 
that at th. liait (i*^^^^ ^""^^0x1,80 
«tuated within the aS.^^ «rf a»ti£dy 

■PMse system. 
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*^««Po» Immunoassay Sam. f»^^ 

naiy studies have relied «, rtT """^ oor pmliaa. 
fluorescences from sioSSSIlT^^ *«J 

oon (e^ the laser scanning conw!!^ uatrument*. 
not specifically ded^TT^If"""*^^' 

points thus possen 7u enu'tted at otb^ 

^detector. Su,?^^ ^nS^ ^ 
fluorescence "icnw^peTifS^T^ *"^tional epi. 
P?»«i to an easentially'Sif^ fl* ^i'fP^^ » «• 
>^eW much 6haT,er£^Tfl!" °^^"^ti«i. and 

spontaneously emiSS^bf E^^c*^ 
«thode contribute to tte ^e^^^'^^^f'^^^^ 

«bvity_be xninimized S^r?^""'='^'«aay8«. 

"'^'nnnents^S^e^SSj;,*^'' 

and this source «J b^rg^::^^, ^^J^ 



whichsenaor anti^ffi^'.^* ^^onal rate at 
'''ot become occupied ia wf.S 
^^^^^^^^^hS^wli^"^ in this dr. 
Mtibody is used, as in ccav*«« ^ 5"'^ «»ncenfration of 
tho« «f noncM^ti^ve^'^T^ P«ticuliy 

« mind the relatioXfe^ "''"^ 
rfsensor antibody b^ITS^,,^'"^ occupaZ 

the ratio rise, is greaS^"l?t >" 
tt»eantibody conLiniwSb S 
"Mentation who^ fiTld^^^ '^.^'^ Thus, given 
^crospot area, the high^ tZZ ''.'^'^^ to the 

Observed (after any seJeSdtnS^'"* ff"^' ^ 

concentration of sS^iSS?°nP«ri'a) whenthe 

P^»on,andtothegen^lv^?J*.""P*'*«al in,, 
jnununoassay incubatiS^^SL^ ^i^'^^' ^^rt 
W amounts of anti.«iy. the Syti^^^:^ 
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to t^miniflh with future imptnrement in iihotomttltiplier 
t deaii^ Other, sources of baekgroond include fluore»> 
oenoe emitted by coaponents in tlie optica] syBtem. 
which may not, in current instruments, have been 
' oanstructed with background reduction as a prime con> 
sidcration. Neverthelfw, they detect with high sensitiv- 
ity fluorescent signais. For exan^ile, one commeidally 

available micPOBcq* is claimed to detect fluorescein at a 
. density of lO'moleciiiea^/im' Most craaieitially avail- 

able , fluorescein isothiocyaMte (FITCj-labeled IgG ex- 
hibits, a fluorophor^rotein ratio of -4; this implies 
detection limit 0*^ for antibody surface deiisity of 
; two or three FITC-labded IgG molecules peV niicrome. 
ter*. "nus, in tinii, implies a theoretical sensitivity fop a 
two-nte immunoassay of x lo* analyte khoiecules 
• per milliliter, assuming identical parameter values as 
above, or 2-3 x .10* molecules^ if the sensing anti- 
body has an aflBnity of 10» L/ind. Clearly, , sensitivity 
,may be incrBased by loading more fluorophor either 
du^y orindirectly onto the antibody. . 

Our prdiminaiy; studies have rdied on a less sensi- 
tive mieroBcope, albeit one possessiiig fodlities for dual- . 
fittorescenee measurement Its argon laaer emits two 
exdtatioii lines at 488 and 514 nm. It is thus particu- 
hufy efficient in exciting blue/green-emitting fluoro- 
phores 8^ as FITC (excitation maximum 492 nm) but 
a less ei&cient in exdting fluorophores such as Texas 
Red (exatation maximum 596 nm). However, the ratio- 
metnc assay principle permits considerable variation in 
detection efBdendes of the two labels because the spe- 
afic activities of the labeled antibody species fonning 
the antibody couplets can be chosen to yield signal 
ratios approximating unity. Inefficiency of the anon 
laser in exciting Texas Red is thus not a m^ handicap 
m this context Tbou^ this instrument relies on a 
oonventranal mierosoope and not on an optical system 
designed for this purpose (and thus implicitly less sen- 
sitive). It permits quantification of fluorescence signals 
generated from microspots of any selected area. Initial 
studies have revealed that, undo- conditions that are 
notoptimal, the instrument is'capable of detecting -25 

npiabeled and (or) 160 Texas Red-labeled IgGmole- 
cu]« per micrometer*, whfle scanning an area of -50 

Ihe development of miouspot immunoaaaays has alao 
necttsitated closer scrutiny of the mechanisms involved 
m the coupling of antibodies to solid supports. In the 
present context, these should display a capacity to 
adsorb (in the form of a monolayer>-or to covalently 
hnk— a high surfooe density of antibody combined with 
tow intrinsic.signa].generBting properties (e*., low in- 
mnaic flnoresoence), thus minimiwng background. We 
have examined a number of candidate materials, such 

as polypropylene, Teflon* cellulose and nitrocefluloBe 

aembranes, microtiter plates (dear polyalyrene plates- 
black, white, and clear polyatyrene plates), glass slides 
and quarti optical fibers coated with 3-(amino propyl) 
tiiethoxy silane, etc., and several alternative protocols 
for adiieving high monolayer coating densities. These 
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studiw have oposed phenomena neither evident nor of 
miportance when antibody binding to noUi t 
exanuaed at a oacrascopic level Provisionally weSv. 

ri^,^»«* Microfluor miaSi' J^^!! 
fo^uJated for ,tl« detection pf low fluorwtenceS^ 
and yielding high signalMoise ratios and high^MtiS 
densities of functional antibodies (-6 x 10« IgG m^ 
cules/MmV&r assay development, although such 
plates are not Ideal. Indeed, defidendes in thfe^tiboS 
deposition methods used constitute the prindpd.aouilDe 
•of imprecision in assay results and the lioutatian in 
iJensitiy^ thait this implies. Clearly, this represents u 
■area for further study and refinement of current coatine 
techniques..- ■•v. .. ., \ 

Notwithstanding: the ilimitations «f piesent instm- 
mentatic^ (which, among other things, does not permit 
the use of tome-resolving tedmiqnes to distinguish two 

mdividud fluorescence signals either frum eadi other or 
from background ; fluorescence) and the cnideneas of 

present methods for coupling antibodies onto small 
areas; we have verified the theoretical concepts outlined 
above by comparing the perfennande of several aaaayi 
when conrtructed in mimwpot format and when oooven- 
tionally designed. Although .unoptiiniied,, ratiometric 
microspot assays have yielded sensitivity values dosaly 
approaching those <rf conventional optimized DtMA. As 
«m example, the results of a ratiometiic assay system for 
thyrotropin, with use of Texas Red- and FITC-labeled 
antibodies, are shown in Figure 13. Bearing in mind the 
well-known hmitations of these and other "convention, 
al fluoro^ioni when used as immunoa«»iy reagent 
labels, such results are encouraging, although further 
work is clearly required to adiieve the conaider^blT 
greater sewitivity theoreticaUy predicted with uae rf 
unproved fluorephors. better antibody-microspottine 
tedmiques. and purpose-built (time-resolving) SstiS 
tnentatioQ. 

The finding tliat highly Benaitive immunoaaaays can 
be performed with far smaller amounts of antibody than 
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Fig. 13^ Response curve In a duaMabeled microspot ratiomeUc 

of thyrotropin (TSH) with Texas Red-labeted w^Un^ 
SfKvS"^ and a devetoptng antitS^'SS 
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an currently used conventionally pennits in tun the 
coaetruction of antibody midiupot amyi enaUing, in 
principle, the eimultaneoua meaniriement of thouaaiidi 
of different eubetanees in l-mL sampleL ln coUabora- 
tioD with invMtigatort at the Centre for Applied Micro, 
biological Reeeazth. Porton Down, UJC; we are pres- 
entty developing vaiioiie techniques for the creation of 
euch arraya. Indeed, Bimilar technoliogiM have recently 
been used for the parallel synthesis of several different 
polypeptides, these enabling 10 000-imcrbfipot arrays to 
be constructed on silica chips approximating 1 cm' (24) 
Altbou^ arrays of this capacity an uiilikely.to ever be 

« puiposeSi -we can 
^anticipate that^the ability to simultaneously measure 
many substances in the same sample will have revolu- 
.bonary aina«piences>in medidne «nd other similar 
S ultixiatily 
permit the individual analysis of thi multiple isofonas 
of certam Tieterogeneous- analytes (e.g.. the glycopit). 
, tein hormones), such molecular heterogeneity currently 
presenting a major obstacle to the standardization and 
interpretation Of many inununologicaJ measurements 
(25). Moreover, although these concepts have been illus- 
trated in an immunoassay context, th^ are clearly 
applicable to all Trinding assays," including those rely- 
aw on the use of DNA probes., honnone receptoni etc 
For example, labeled lectins that are specific^ ihS 
reacUons with the sugar residues in the oligosaccharide 
chains of glycoprotein molecules may be used together 
with specific antibodies, to impartadditioaal "structural 
speciflaty- to sandwich assays (26,^7). possibly over- 
' J . • m M 9 k - bodies 

per se in reeard to 

dilTerentiation of the glycoeylation variants of the elv- 
CQprotein harmonee. ' • 



Sumrrary and Conclusion - 

Because of past conftarion regarding the concepts of 
precision,j»ensitivity, accuracy, etc.. several enoneous 
concepts have become incorporated within ciirrently 
accepted niles of immunoassay design. In particular 
mudi higher antibody concentrations are customarily 
used than are necessary to achieve very high assay 

certain measiireznent strate- 
gies a« adhered to. In this presentation, we have 
attempted to show that, in principle, the highest assay 
seaaitivities are obtained by confining a small numb«- 
of sensor antibody molecules onto a very smaU area in 
tbe form of a microspot and measuring their occupancy 
by an analyte by using very higb-specificactivitTy*^ 
ve lopmr antibody probes, thereby SaSmizing the ^ 
nal^oise ratio in the determination of sensor antibody 
occupanqr. This observation, which contradicts cur- 
rently accepted immunoassay design theory, in turn 
makes possible the measurement of an uiUiiaited num- 
ber of different analytes on a chip of very smaU surface 
area through the use of. e.g.. laser scanmng toques 
closely ualogous to those used in compact disk tech- 
niques of soun-d recording. Extensive experimental stud- 
ies m this area albeit conducted with relatively crude 
techmques and instrumentation not specifically de- 
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>^j^^^^<l«n««trated the feMftflS^tS 
n^tmued anti^^ ^ 

■ anfideat thatthia repreaenta 
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lilffat mkroio^. J Cell Bid 1987a05:4M 

«. Hoem Ja New iMBmxtMtion ibr teiuitiyt imtM AiuhsU 
of flaoructtkoe in oellt And tutuet. la: Taver DL W^mnM. ac 

th« biologicil saenoet. New York Ako R Lki ISfifirMft-snn 

ffiffi:,!^ r^: SdS 

of Ubantoy WU7 resulU is life ■dencci. ImmunouwStS 
mun. Sood J Clin 1-b iBv^rt lSSWlfSuivlSSSiST^ 

gWlatun vaunt, of Jinnm fibriaogen..u«n« the new tecb- 



. 1 1 . 37XST. 1 1 . 23/Na 4862209286 I 

for the .itnd* of \hZ It ^f^f**-*^ 
29. Hanii CC. Yolken RH, KnAen tt Hn IC inw— 



Vol 37. pp,1447-fi: In our desire for rapitfp^^^ 
™I*»*ant <mOT were mtnxiuced into the foUowine 
Te^ca^ Briet Ihe corrected version inhere 
duced in Its entirety, with our apologies to the^uSi 
Rapid DetMtlon of 1717.1G-A Mutation In CFTB G«». 
Cre/non«.,' Afonue^ Sew,' Cannelina Magmni ' and 

i^' S^^^JL*?!f™\^'»« Clia. di PeriSoSSento 
Lab. d) Rioerdie GliiL/ Afilane, Italy) f«™wi«j, 

ihy^r/IfiI!S*°£^ noa.4P608 autatioM identified ia 
St^' tnmsiDembrane conductance reeuSS 

<C™ gene^ the Cystic Fihnm (CF) GerteScS 
Cqnsortinm. the on« nort fiw,u seen in our popula- 
ton saaple are the a717-JG^A mutation (13/144 ^9%of 

f'Jr'^r?"^ *^ "6^90 or 

8.4% erf the CF chromosomes), both revealed by dot-blot 

^^""Ty ^'"^Ify^ chain reaction (P^)^ 
urt vnth allele-specific obgonudeotides CASO) orobes (i) 
In an attempt to simplify the analysis of the most 

iw*if° "^^.S^LS*" endonudease^: 
ysiB of the amplified product 

A PCR«mediated site-directed mutagenesis C2 3) to de 
tert the G542X mutation by generating a novel httNl site 
u the m-jld-type sequence had already been suggested 

To detect the J73WG^A mutation, we dSgS £ 
reverse pnmer -CrCTGCAAACTrGQAGA^lSs') ta 
contain a single-base mismatch (T-G). whichwuld create 
a novel AuiH r^on site (G \ G(AmCC) in thTJ^ 
pbfied wild-type (WD allele but not in the CF nuUat S) 
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F^^tecfen of the 1717-iG-A mutation PGR > 
72 -C fori » SI 



1 t 



WT: WT 1717 



5' 



TAGGACA. GCAGAG 

AT|XTGg.| CGTCTC 

AuoDsite ' 



3- 



6* 



1717 

i 



TAAGACA. GCAGAG 



3' 



ATTCTGq CGTCTC 

*. mutasenised base of reverse priaer 



bv^tK* rl ST!? ^'T''- ^ "^^^ available 

f .i! vSSSf Analysis Consortium to amplify exon 11 

AGTCT-3^. ^'-^^^-PGOTTMAGCAAT. 

DigMtion by A tioD enzyme of the PGR product generetea 
two fragments of 116- and SLbp in the wild-^JTSSs 

SdilF^f"^ ' "'■'^ - STmuS 

An^^ combined aijaiysis for the AF508 mutation (5) (252/ 
il°.ov ''^ ^ chremosomes). 171MG-Ia. Md 
G642X. about 71* of mutations might be detected by 
noniaotopic analysis of the PGR product, thus allowing a 
faster and easier one^y procedure for carrier acreenhur 
and prenatal testing. 
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